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SO ABSTRACT
s ~ T _ (Distribution Limitation Statement No. 2)
¢ ' -
f’v I Influence of soil suction, clay microstructure, and ‘applied external loading
d ;O;" B * upon the swelling behavior was undertaken to further the undetrstanding of
. _ : .
T ’ _ expensivé soils. For the soil tested, the microstructure prcduced by kneading
f; ‘ compaction did not change the particle orientation to any significant degree.
Evaluation of thé microstructure was performed with both X-ray diffraction and
ES scanning électron microscopy techiiques. The microstructure is perhaps best

described by multi-grain or packet'arrgngen’égtg. A higher degreé of packet

- dispersion gédufred at molding water contents wet of optimum; however, it did

o
"

not approach any«_ ‘high degree of preferred particle orientation. A swell test
was developed using the Bishop Oedometer in which both soil suction and external

. . «
Ny IR P
. ORI o "
<« " Wy Y . v .
v * v A 1
\ o

loading could be controlled and measured. Using the axis of tramslation tech-

i ] nique witk a high air entry ceramic stone, soil suctions of 5.1 kg/cm? (pFx=3.4)

-, 1 .

M | were “esgsured. Results indicate that below a certain value of soil suction the

ZJ R swell will be accelerated with a further decrease in sustion. As the applied

: loading is increased it will limit this acceleration and the soil suction=-swell
L s relaticnship becomes more linéz? with decreasing suctions.
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A= Wz=ls Forees. Tkese siirzcotive Ifgrees sra tetweer individuzl

etims 2zd zxe reisiively sz213f in magmiiude. %pe Strengith is rspidly
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E=stker sgmree of tke etiractive forces may be caused by the
oosoIresse ©F peaitively ckarged exds on the cley perticles thes-

seives, Goe $o frecture pisres which Tresk the minergl in such 2

N R =

2 ret pesitive cherge (2). :

e=ve
ke oley miceile The clzy #icelle is & copvenient wodel

By waich £o viszelize the clzy pariicde znd the diffuse double Jlayer

eczceris. Fhe afscrbed wafer is éonsidered to be those water mole- L

infes zitracted to tke clzy particie ang the ds.f"use double layer is

water 22§ jcps present in the ricelle. The size

—ezressnted by ihe
of tke cizy micelle is controlled by those féc‘cors which infiuénce
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ZEVITH CF ¥EE LITEPATCRE
For a2z exzzrsive soil €5 cwell the moisture content of the seil

~uzt inorezce., Tze 3egree io which the chznge in coisture content

i¥] oharge, given aun orporfunity by thke onvirsrment, derends upon

-
oY waiar,

1
"
)
Ll
-d
)
i
Ul
1
=1
o)

evziuetion of the soils thirst for water is at vest a very

go—=lex ;zz‘:‘i"éﬂ erd 2 rigorous divisica of 211 the forces involved

irty iz3Ividual ccogonents (adscrption, ozzotic pressure, czpillary

-

meoisci, 23r pressure, rredczinant cation, exchange capaiity, et_f.:.)
=23 roi Teen sufficientiiy develorped to the point of practical appli-
2z*icz {1). Fowever, the toizl nst effect resulting from all or

theze forpes k2 led %o the use of soil suction as & method to evalu-

zze 2 Toiz} demzrd of tke so0il for water.

?cal'z::; clf:a::;se, the degree of which is dependent upon not only the
re&ﬁticﬁ of tke soil suction bui é;.lso upon certain physical
roperties in the initial condition of the soil (density, micro-
siructure, externzi loading). For simplification the literature per-
tirent to thiis study hes bcen di’y'i.ded into two sections (a) soil

suecticn and (b) vhysical properties of the scil.

So0il Suction 1In nature, the soil-moisture regime is in equili-~

trium with the environment even though this equilibrium may be a

dynzmie one. In a pertly saturated soil, that is, a three phase
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systen of air, wetey, end soil, this eawilibrivs cen best te de-

scrived :in terms of® soil sueticn. The soil sucticn hies teen dafired
the sum of capillery end oszotic sucticn pressures, end is alweys

& negative value Witk respect %0 at=osrheric =2ir pressure.
The soil suction mey reach wvery high velues end is grzatly in-
fluenced by smell chenges in roisture co:lteﬁt. Values of scil suc-

tion up to 100 psi have been reported for 50115 in the *ange of

moisture contenis encountered in engineering work., In very n”g spils
values éxceeding 100,000 psi-may exist (5).

A suction profile is estzblished in the pertly saburated sc;il
and is dependenit upon several environmentel faCtors vh..ch 1nc1ude
depth to the water table, climate (ra:.nfall end relative hvz:.d:.‘y)
and vegetatiovu., The climatic conditions are responsible for the
majority of the changes in soil suction ii} nztural soils. The arid
and semi-erid sreas of the world ha:ve the most pronounced _seasonai
veriations in rainfell and conseq_uehtly are the arees gh_ére expapsive
soils crecke the most problems (6). ,T;le depth of this zone of
sensonal moisture fluctuations will vary fronm loca‘{';i?n to location
and is dependent upun the type and condition of the soil, extent cf
seasonal variation, ete. The resultant effect of these moisture
chengés is a corresponding reduction (wetting) or inérease (drying)

i, the soil suction, which may be accompanied by swelling or shrink-

i g, respectively. in .an expansive soil.
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Crnce ke scil smxface is covered ©y &3 irperxsgbie ocver (vcad,

-

"

Tuilding, eic.), ihis belskde beivesn ciirsie ernd sopil sueilcn is

il

. chznged. The loss of =ater by evavoraticn can o longer ocour a5 if

\8X

n

.
\
\

AR
0\

3o cntata

is prevented by thx inbermegdle cover. 4 new sucticn profile wijl

® z - N

then ccour cver & pericd of *ize due €0 & graduel increese in =ois-

o
wii,

ture corntent uader ithe vacilily, resuiting in e Qecreass in the

i s

"

- - " - _soil suction.

’
\
FLASE

_ Tne size and shepe of ike cover will giso determine the eyuént

S z

%o which the suctiocn g‘oggle :.*ill chenge. In tke cese of 1ong &nd

narrow coverege (rezd or rumwey) ike coil suction ef ke cexter re-
ceins less then the edges, whfle the édges ere Subjected to corsides~ -

eble fluciuetions ceused by sesscnel climetic cohditicns. Tnder 2

letge sguere Buwiiding, on the oiker kesd, the sueiicn profiis will

- rézzin rore uniform &xring seasonsl changes, kCwever, the edges ex-

Deriefice the szme fringe flpctusiitrs. 4 oriiding is semsitive to

= 2N
- - : _— 7 - T - )
rzen's inflnence Dy plantidg and watering of vegateticp 2long ihe “
) edges§ of « Duilding, poor drsinege of the aréa adjecent to.the Luild= 3
- - - -]

“ing or leskege of wZter fPcoi the piping systes servicing ihe facility - -

: . i i . : ) : - - -3

which will celise 10CaiTz=G decreases iIr the sucticn profile. In 21l 31

- " . . H . - - i ’: - 3‘31
i cases the Gevaicozent of different suction profiles ir an exgemsive | }
- : , _ _ 3

soil will lead to possible expansion aor shrinkage, creeiing 2 differ- 3

- ential volure chenge =zné resuliing in demage 5 the Tacility. ; 3

S

¥hilé the chénge of soil suction in &z expensive clay is knGmn

) to heve & direct bearing upon the resnlting swell of the cley, the

ability to define its influéfice has been seversly hempered by the
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122% of & cogverdent lshoreiory =etknd to —ezsure soil suctions ex—~

ceadirg 2tzai 12 rsi. while &b the sase tixme subjeciting the sazple to
e exterrsl losd es It wonld te in the field (6). Conseguenzir the
rzle thei cnergirg soil suciicns pley in the swelling behavior hes

st teec clearly defired. The ixporisnce o6f this factor was ermtha-

sized by Zitbs (7) in sw—arizing the "Stetus cf the 4yt of Dealing

with ¥World Troble=s cn Expansive Clay Soils” by siating

. Mevalusticn of the sucticn pressures of forces . unsaiu-~
rated soil —ighi be very closely relzted to the problems in
_ excacsive cigys, a2nd thet oze of the zbproaches to the prob-
ien of expznsive clzys would be o correlzt:» these suction

fcreces with heaving.” ' -

Measure=ent of soil sucticn %he pein difficulty in meesur-

ing suction TresSures is that the wailer in ihe reasuring system tends

to czvitate ¢ pressures of zpproxirately -1 atrzosphere. Ta overcoze

this linitetion the techrnicue of "Axis Translation" his been devel-

cp2i by Hilf (8). 1In this zethcd, the pore air pressuves ere in-
creased uitil the soil suciion pressure can be reassured. The radius
of cwrveture of the air-veter menisci does not Vappear to change
significanily as the air pressurs is iaicreased, thus the difference
between the fme,l 2ir zna veter pressuxe§ eguals the initiel suction
pressure in the scil. Several investigators (8, 2, 10) have zxamined
the sccuracy of the axis trenslation technique and found it valid
ﬁthin the range of exXperimental error for t'ie usual values of applied
air p:éessures of less than 200 psi. Fié. 2 shows the experimental
velues cbtained by Gison and Langfelder (5), the experimental line
has a siope of 15.5° instead of 45° which is well within the range of

experimentzl error.
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3
Gibbs and Coffey (11) used thé axis translstion technique in
develqpihg a 71eti2d o meassure initial suct%pn pressures in specimens
that were later,@sed ip triaxial) shear testing. Their procedure used

a pressure cell in which an all around air pressure could be applied

to the soil sample. The test specimen did not completely cover the

high air entry ceramic stcne so that the air pressure also acted on
the ceremic stone. They observed that asbout 75% contact between stone
and soil gave reasonsble time periods for equilibrium to te vreached-

between the applied air pressure and measured waler pressures.
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Olsca end Izrgfeldsr {5) stcidied itz sodl suciicon of compested

clzgs. Skey crss=rved very EBigh welres of sgil sooiicn on dhe dry

side of ¢coiizom moisture conient. ke sicpe of the emye in Fg, 3 - -

ey

B :sofi;-e:’tésiéimstatshs'imﬂ&iﬁefencesiﬁmiim
- moistwre contert cen greotiy Infiuence tie resuiting soif steilicn. |
-3 — O — — —— :
< - ] 1
3 ) )
- 3 [l
- : :: - ’8 - -
’ ' > i 3 i < ‘i
- 3 - .o €0 g
L c- - -
c | )
‘5.1* w -0 - .
1 !Q-
A‘.'v ;’ B . s o H
3 -i68~— —— - = -
= A - 1 ] . i : 3
- -2601= S C— o - |
- - -8 D 2. K i 1B 20 |
- . WAER CONTENT (%) - B
~ . " Figure 3. Méasursd Pofe Weler Pressure versus Water Costent 5
-  for Xneading Cospaction (After Olson and Langfelder) -
= - / R ]
s - Soil sueiion influenée in swell The correlation between.
= soil suétion and swell is not well documentéd in the existing litefa~
3 - +ure. The main emphesis has been to relate the change in moisture
‘convent which, while important, may not bé as significant as the
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Mﬁdmm@aﬁwﬁmwm Tery svali chenges in
* | siiatore content {1 o 26) can cruse Getrimertal swoliing mder izt
foidaticos (12]. Zheie small changes in mistore cortent bave »
signivicant effect Gjom the scii suction, md perdaps the soil s
ﬁm,mm_'wmmh&mfh-smmﬂm,@dgmﬁk’

i _ Aamwwtcinm,hem;o‘m 3 of ex=

pnsive soils. - o . -

~ -
-

. :_Inmdyzingtbeswel_stbescﬁ.sncﬁmisrelesal.here
quﬁommMmm Firsi, the ze-
Mm@cqm‘miﬂmmm:mw.d‘nn
otsvelling ﬂu.j:s amwawm&;m&w“

. have mw;tmr&m szii:ncﬁm. @Q«ﬂ!@tnﬁe o2

v

this ccapasentofsnel};ismmll(n)-
’.ﬂ;esecondxeehminis ﬂnto'tbemtdeorvatermlemles

4%

7by the tblz Iuer to sstisﬁ the omticpxzsm creueiby the

‘m‘balancr in icn concentratims in the c:lzy nfee.le and m 'nte.

: < R The addition of ‘uater to the clay micelle increases. i‘rz size md

= theretore Jeates svell This. type -of expanszca is rea.en-ed to as
osmotic svel'!. an& ‘.s perbaps the most .zportant nechunsn savsirg

swell (2). ‘.ﬂ:e soz.l mice'ﬂe i1l coatinue “take on addits

TR YT

- jiater molecules push).ng the particlés mrthe. apart untz.l the osma.c

5

pressures a.re satisfied or un".l ‘they come into egml.onxm with ‘he

-

forcps tendmg to pushk the par‘:,:.cles together.

o

In compara.ng the re-atlve st*engths of osmotic and capillery

o

" pressures, Mitchell {ik), has shown that for relatively large pores.
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{3.52) the Lo Zozoss wve of ihe rame o=3er megsitnis, BWile smiler
D sizes Below .13, Thé capiiiery mwessuves way be on The coder of

Tug S=finemse cf csmcii= swell kas betn siown Ty zeveral Irvesti-
gciors Iy using cmzecie? clugs (35, 36D, The swell for smgles cm-
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density of about 95 ibs/cu £t has a volume change of :6% whereas a

cerzric sicse used. Initiel soil suctien pressures up to

Teysiesl Proverties The physicgl condition will play .em impor-

tznt role ip deltex—inirg the smouni 6fF voluze @hazige in expansive
scils. The rhysico-thesicel properties including the influence of
e o €rd zmommt of exchengeeble ions present in the soil end the

#ype exd Zrowvnt ¢f cley minergls; while very important, Have béen the

subject of recent investigeation and the readér is raferred to Héit

-

(37) Tor & 2cfrekteqsive treatrent. This section will concern jtself

zore with those properties which effect swell considering the initial

coiiticn of the soil. The more important fattors include soil den-

sity, exicrngi lozding znd the soil mf(;rostruéture (13)..

Bensity The soil density is en imfortagt factor which in-

o>

figences the a-ount of volure expansion. The higher jhg density
(closer perticie Spacing) the rcore particles are c_nfa;}ge@ Der unit
volume. This éauses 2 higher degree of interaction vetween: the cl‘ay'
nerticles; double l_gLyers and. therefore hj.éhg: ‘;ceprtiis‘iv,e potential
between perticies. As vwater is inbibed into the soil these repulsive
forces push the perticles apert and result 1n a larger expansion as
the initizl density ‘vecomes g;'eaéez.. The change if swell with respect
to density for a compacted clay is shovn by Fig. L "Als6 illustrated
is the influence of the molding water cb‘n_teﬁ’t. ‘C;Smgé.rir;g the densi-

ties produced at & moisture content of 20%, it can be seen that a

density of 80 lbs/cu ft swells only about 3.5%. -
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Figure 4. Percentage of Expansion for Various
Molding Water Contents (After Holtz and Gibra)
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E=733+5 oxver—sl 3red Ioy Farce = %e£3s €0 ofotein en
exzersive soil wil3 2@So tond o resireia Its ToitoeiTic EXSessica.
T2 size €2 the Ired 3z veleiidn o ihe sreliirz mressTes Govelisned
w133 Eetermize T® xExEicfe F the seeli, "

-

scii is by &= m.&erﬂlz:gwes; ;.*waln_aéﬂity‘éesﬁ:g
the Soi¥ in suh 2 memer et mo volmme chstze eoow. This sweil-
irg ressore 35 then toe oed recsired o revest sz.-e_i...ﬁm
S@‘_‘:.r.::c:m‘r.ram ﬁ.ﬁﬂaymimﬁtc‘*meﬁaybea
signifieant verietie iz infiven 'g- tte ms.gmtz::;e of swell. s

mresent, e aza:::.geaz:‘ﬂ ﬁes t&:. stress niséc’y of tre ésm-r.,
aod e emrirosaental chedges thet ocemr {3B). ’ -
The imporience of periidile am‘enzeznenth:—:s long beedl recognizesd

as 2 contritiiing fzctor to _.gs.nes._gnrcaer?.zes of soil. Tee

ThEEing
esxiy m:rks ¥ Terzeghi (_9) asd Casc-.gr“ﬁdo (‘20) nraaen-e@. thé fivst
cozcepts of hiow oh..e :—:zell nar"'-c.;.es were arrazzb g2d afzd, “nb’; in-

uence u‘mn

the .ns.neer.ng m-onm-tﬁes o? th. soil. B__se (21)

-

présented en idealized *ev*ea.ntazzcn cf how ke soil p‘artr.qles were

arranged for an iporgénic clay and the differences in misrostructure

He éxplained {he basic différences in-

of remolded cley (Fig. 5).

the structure using

The concéepts of ¢olloidel chemistry, A floccu-

i§ produced under & marine‘envifonment in which

there is consideréble “edge to face” cantact between ne.rt:.cles

lent microstructure
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Figure 5. Particle Orientations in Clays (After Lambe)
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whereas a fresk vater microstructure will have e more “face to face”
orientation cr oriented microstructure. Wwhether or not actval con-

tact between the fmiperal surfeces does occur is still a subjec* of

discustion. .

It seems reasonable to accept that sore form of seri-solid con-
tact is esteblished either between minersl to n}iﬁeral or throu;gb a
few Angstroms of very stroungly adsorbed weter, with the latter being
the more likely csase. _

The adsorbed water on the surface of the clay r;:‘ine:al £as been
shown by severairim'eétige.torfs (22, 23, 2%, 25, 26) %o exist in a
state»muc;h different from .ree water. While the thickmess is &
subject of disagreement, all sgree that the water closest to the
clay particle shovs the greasest diffe;epce in its properties fron
that of free water, and is 7hg1d to the cla;;' particle by #eét forces.
Bolt (22) showed with gonsoiidatioyz; tests on clsys having essentially
parallel orientation that th_e average sya;:inss between particles ‘
continued to decrease with pressures up *o 100 atmospheres. This

illustrates the extreme difficulty in extruding 211 the water from

between the cley particles.

Microstructure produced by compachkion The influence of

the clay microstructure upon the engineering properties of a soil
has been studied dby several investigators by using compectad: sampl'e:s.
Lambe (2, 13) in two excellent pepers on compacted clay, has pre-
sented the concepts which have been generally accepted as to the

nature of the microstructure prcduced by compaction et various

c0
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=olded water cocnteris. A flooouleri misrssiruriuve is prolfused wish
weter corterts dry of opiiztz. Txis is a resnli oFf ke Inscoglele
wzater 2il=s ercund ks clsy periicles which Iroresses ire terniency

of the szeil gperiligles io form flses mhich ere ol brcken down duricg

co=pecticn. As the watsr coniert 3znrresses ike waler £il-s sre

innreesed end ir= nerticies zen tetier align ihe—seives (face ta feoe)

Guring the rrocess ¢f ccmgpection. This effect is illusiraded in

> Fig. s. -

The edvexntzges of zsitg coeried 2isy sexples in stufying

dereosirucinre eye xzoxy. The trimery eiveniegze is ikei two 4ifferent
microstructures can be Trodmced with 2 fairly umiforn cempositica.
Thus, the E‘h‘.ﬂy of the ZHprcsirnoiure is pcssi'oie witreat !'.’z:ewei“zecz
of lzyering ‘fﬂzich ?ill coozr dmrdrg rafgre: deposiiicn.

Seed erd C‘m (27) fowxd trat tre tyoe n? cz‘;icaction :s;; kave

e ccasiderzbie inflmence upon the resuliirg —icrestructure sken sco-

‘pacted wet of optirm moisture conieni. Sz—pies ccxpected iry <Z

optimm will pormelly retein their floceulent neture es the type of
‘ccmpection will rot destroy the orientation. They found tha! kneed-
ing 2nd impaci cc:paction agpearé& to oroduce & more dispersed struc-
ture wat of optirum. They reascned that greater irduceq shear
strains by these itwo types of co—paction caused the particles tc
becore oriented thus inersesing the degree of "face to face” ‘
arrangerents rore than statie or vibrating compaction.

Seed et 21. (28) in a study of the swell and swell pressureé

of compacted clays., concluded that the micrcsiructure was one of the
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major varisbles controiling the swelling behavior. Measurement of 7
the ﬁicrostruét_ure vas done iﬁdiijectly based upon shrink-swell
characteig'is"tics of the cnmpactedA samplez. The more flocculernt
{compacted dry of opfim;m water éantént) miczlostructures had con-
sistently higher swelling pressures znd the largest volumetric
increase.

Russam and Coleman (29) studied the compression #nd expansion
cherecteristics of chemicsliy prepared flocculsnt and parallel
oriented microstructures. These results tend o support the esrlier
coﬁcepts of how the microstricture mll influence the swelling
‘beha.vior of cleys. 7

There is little direct evidence of the microstructure produced
by compaction. 'Aylmore and Qu:.rk (30) studied the microstructure of
clay by electron microscopes and advanced the concept of multi-
grain formations in which domains of oriented particles were ar-
ranged in a random maﬁner or "turbostratic groups.” Sloane and Kell
(3%) studied the microsiructure of a pure kaolinite which bad been
compacted by several methods. They used the technigque of Aylimore
and Quirk (32) to prepare platinum-carbon replicas for electron
nicroscope studies. The samples were air dried prior to study and -

the degree of disturbance to the microstructure by this process is
unknown bubt could be significant. By studying thin sections under
an electron microscope they observed that the microstructure was
more of an orientéd aggregate of particles or packets which wzs

termed a “bookhouse" microstructure as being more descriytive
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{(Fig. 7). Tze degree of packet oi»;:_en',ation inereased with the
rolded waler contents;; however, the particle orieg';ation in the
ceckets did not appear to be significantly chenged. “l‘hey did observe
various zones of orientation near the surface of the compaction
hz—rar which extended as long chains of orientwuted packets forming
shellcw trajeciories in tne ~ompacted ciuy maus. This supports the
concept of Seed {27) that the shear striins induced in the a6t
during the coomaction procese increased particle orientation.

Clay microstructure identification The identification of

the particle arrengements which exist in soil heve been advenced
signi?icently with thevdeveioy:r.ent of methods to evaluaté the micro-
structure. Tne most coxron methods that heve "been used esre X-rsy
iffraction, retrographic micrescopy and transmission electron

ricroscopy. The early work of Mitchell (16) using pekrographic A -
ricroscope techniques and the electron microscope studies by'
Rosengvist (28) have gererally confirmed the validity of the concepts
of fiocculent and oriented particle arrangemen®s in natural sediments.

Use of the X-ray diffrection techniques for par‘l;icle orientation
kas been done by Brindley (33, 34%) and Martin (35). Their work wss
done to ensure compiete randomness of clay particles so that X-xray
diffraction patterns could be used as a quanfitative method of deter-
mining amounts of the vsrious clay minerals present.

Kearsberg (36) used X-ray diffraction técﬁniques to st{xdy the
natural consolidation effect of particle orientation. He found that “

the particle orientation increased with depth for shales studied

2k
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‘PACKETS

- Figure 7. Book~Clay Packet Analogy (After Kell).
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tzgiinz to those :_:i’ g sz—gie ts.‘:e:s ;@:‘aﬂel ‘—.:o tre 'c-e*'ﬁir,é‘

TEis
would ferd o elimirate ciker facicic whick might effert iFe pesk

tersities for ehf’e.enu sa=ples such &5 perticle size, crexmiczd |

cc=mositicn, end gdegree of cryste_“.linity. ' . - }

Ctker invesiigators {38, 39) have elso successfz.__y l:&d T-rzy
iffraction technigues to Jdeter—ine perticie orieniaticn in naturai
sedizents, .‘nese :._tnods 2313 iny o’vn relaticnships of na. a“a -

rrisnetic 'oeek :Lnuens=ties. Cdca (110) used & mthcé in?olving caly

a cozparison ef basegl intensities for parallel and norrael saiples.

It is felt thet ms z::ethod must te optn to erit ticisn as the verie~
biiity between saz:mles previ ous.y entioned mey mflue;zce the re-
sults and interpreta.tion of the degree of orientation.

Perheps the most detgiledAvisua.lr evi‘éence of particle ‘-31"ien-
tation hes been i)rovided by transmission electron mic;,roscopy. The_
micrcstructure of merine deposits hes received perticular attention,
since the open structure cen be eas:ily— studied by this method. The

dense deposifs provide some difficulty in interpretation es the <

particles are so clcsely packed. The largest drawback to this

26
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- ::. zmathcd Ig In %he sewsle rrezarstisa. The se=rlis musit te inrregraied
) ¥ith s== s:‘.s‘;@e i3 rezi=ca ih= walsr rrizr is outzizg altra thin
;, - . garticrs =sizg Zdzrond mEornicne Imives. The '_crcble-rs essaciated
3t :

b Witk txis ccmrlex preperefict o rrevent Zestructicn of ihe exdisiing
?1 . =izsrcgiroetuze Z:_a':e lsrgaly tesn rescived by Pusck (10) exi Rouwles
:'9 : - (%1} 2o%h kaze used ritrcgen sublizmaticn io recove tkte water before
i':* 7 - 'I_—;:eg:a‘:ir.g tre se=tl=ss with vericts co-pounds to provide the :;e-
i. geired rigidity of the sa=rle for ihin secticn yrersratiorn.

Fz :

f; & revernt 2ivance—ert in the i_‘iéla of elecircn mierdscopy hnzs
;i ) teen the develippment of e Scunm Blectron Microscobe. Izmege for-
?.: | caticn, in tke cese of the’Scénning— Slectron Microscope, 4iffurs from
:": i k that of tke ccnventicnel electron microseore end cpticgl microscope,
5 f 4 - - - R

S

CH

. whose izeges sre formed directly by lenses, in thet the image is

forred con 2 cathode regy tube efier first converting inforration from

v‘W#
oty
L]

e ! the speciren’s surfece into & trein of electricel sigpals. In the
Scanaing Electron Micreseope, a finely focused electron probe sceans
the speciten under study by bombarding the specimen.

Dats is then accumuleted from meny points to build up a repre~

sentation of the ares being viewed. &s the probe strikes only one

point on the specimen at e time. A% the came time, the cathode ray

tube is scanned in synchrenization with the electron beam so that

e each point on the cathode tube represents the same point on the aree
9 being viewed.

(og * Generally, the Scanning Electron Microscope is characterized
(< }

PN by a great depth of focus, high resolving power, simple preparation
i 27
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of szecimen and low intez;sity of incidernt elesctron probe.

The grest depth of focus is;a’vary desirable featute for micro-
structure work, as a larger range of particle sizes an be kept in
focus. The other msin adventage of the Scanning Electron "-Microscope
is in sample preparation. Relatively lerge samples can be used,
thus -eliminating. The need to use more scphisticated anﬁ‘time con-
su::xiné technigres to prepare ultre./ thin sectior;s fequi.;t'ed for the
transnission eleciron microscopy work.

The use of Scanning Electron Microscopy is continually brbad—
ening into varicus fields. The use as’a‘tool for microstructures.
hes not been extensive. A recént pape&‘by Borden aﬁd Sides (k2) is
perheps-the first gpplication to séiis engineering. They investi=
gated the influence of microstructure on the collapse of compacted
cley. They evaluated various techniques of samplé p?eparation.in-
cluding numerous impregnation agents, methods of fracturing %he
semple and treatments of the fractured surface prior to coating with
a conducting substance. Of interest is the fact that the:final
technique used was air drying the sample prior to fracturing the sur-
faces to be viewed. They concluded the sir drying did not cause é
significant distortion to the miérostructure.

Sumrary

(a) Generally; it can be stated that the higher the den-'
sity of the expansive soil the greater the swell that will occur.

(b) The magnitude of the external loading placed upon an

expansive soil will influence the resulting swell. If the load

28
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a0 swekl will occwr. -

applie,;a; to the soil is eguel to the swelling pressure developed,

(¢} The concepts of flocculent and parailel orientetion of

clay particles in na.tural cley den051+s hes genera.ly been confirmed

" by various technigues 1nc1uding X-ray d;ffractzgn, electron nicros-

copy a_.dndpgtrugfaphic microscopy.

(d)‘ The ini;luence of the soil J;iicrestru;;turéupcn the engi-
neering propgrties of a soil hes beezi largely inferred from its
physico-chemical properties.

(e) The microstftéctu.re in c¢ompacted élays is controiled by
the molding we.t.er content ané. the compactive effort. A flocculent
microstrgcturé is produced on the dry side of optimum moisture con-
tent and the degree of orientatit;m will improve ss the molding water
is increa.s‘e‘d‘w

(£) ‘i‘he_ recent concepts in microstructure evalustion are
toward 2 multi-grain or packet formaticn in which the pe;rticle orien-
tation is not changed by mechanical manipulation (compaction) but
rather the packetg themselves ere oriented in either a flocculent or
disperged orientation.

(g) The type of compaction may influence the degree of
orientation significantly on the wth side of optimum moisture content.
Kneading and impact compaction may produce a higher degree of orien-
tation then stetic compaction.

(h) The effect of particle orientsiion upon the ‘swelling
characteristics has been limited to indirect observations without an

attempt to determine the actual microstructure by visual or other means.
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SECTICH IV
VATERTALS ATD TEST PROCEDURES
A highly ex ensive cley soil which contaired & significent
grount of montrorillenite was selected er study to :ieét the stated
objectives. A
The soil used was & Szn Szba Clay o‘bt-ainf;d/-from’ Bosaue County,

Texas. This raterial wes sempled fron & eultivated field, .'_Ll2 miles

northwest of the intersection of State Highway 174 and Farm -Road 927

pear I-’.orge.x‘z, Texas {Fig. 8)._ The material is dark gray, hes a ﬁlack-
grenular structure; end cont;ains a lizhii:eii amount of visible organic
matter. Tae goil wes sempled frem a depth b‘é;bveen 6—16 iﬁcﬁesi

Thé San Saba Clay wss ':hhen air dried, pulverized and the s;)il
fraction passing the U. 5. No. Lo sieve was utilized in the testing
program. FPricr to use, theé clay was modified by the addition of
five pe;rcent on a dry ﬁeight l;e.sis of a relatively pure highly
erystalline Eaociinite clsy obtained commercially from Dresser
Industries, Kosse, Texas. The addition of th;e kaolinite clay was
required to cnhance the study of the microstructure. The kaolinite
was predominantly of clay size.

To sssure that a uniform mixture of kaolinite and San Saba Clay
was obtained and ziso that the kaolinite particles would become an
integral part of the soil matrix, the following procedure was used.
After combining the two soils in an air dry condition, watc?r was
added in e fine mist, and they were mixed by hand. The soil was then

placed in double plastic begs and stored for a period of at least
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seven ‘deys in the moist rocm. The so0il wrs then cooreeied, breresn op
end ellowed to dry at rconm termperature. After dryirng, the soil was

again pulverized to vass the U. S. Fo. L0 giewe and the procedure re-
peated. The kaolinite lest its white sppearesce end eduld no lcnger
be distinguished from the other soil perticies. This indiceted

uniform soil metrix was odisined.

‘fhe soil mixture will hencefortn be referred to as Sen Sebe Ciszy.

Test Metkhods All leberetory testing was. perforzed on the cesgpus
of Texes A&Y University wiih the excepiion of the clzy ricrostructure
study using the Scanning Electron Microscope. The Scenning Electron

Microgeope used was provided by the Southwest Institute of &dvenced

Studies loceated iqRichafdso;:, Texszs,

The facilities utilized at Texas A& University included
Depertment of Civil Engineering, Soils Mechenics Division and Mate-

riais Testing Division Laboratories, the Depariment of Agroncoy and

Plant Sciences, and Soil Physics and Clay Milieialqu Laboratory. Allv

laboratory tests were performed by the author or under his direct

supervision.

Engineering Properties Test Methods The following standerd

engineering tests were performed én the seiected soil.

Specific gravity The specific gravity of the soil par-

ticles is an important physical property which is used in most
mathematical relationships where volume or weight of the soil sample
is being considered. The specific gravity of a soil is an average ]
density of all soil particles present and is expressed ss 2 ratio of
the ﬁass of sojl particles to their volume, excluding pore spsaces

’

between particles.
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S Iz delerrivaticn of tre gpeedifis gravity for tke szii, =2
":e ‘ Seprtan A3r Coocerisch Pyorcmster wes =sed. In escesce, the sir

' - - gyorczeter utilizes tre szxe mriveizie 25 the sizndeyd licwii dis-

: tlacemant maikod (43) exserst that &ir is used irstead of dezired
:3: Tzter. ISie yyecnomelter is ce2litrgied directly so o2l exy Sessuved
’Ze_f 5 _ - iiffererce in ire Lwo the=ters, cue ccateindng gir, the ciier ike
<> ! scil zeTrle, ¥ill movile the yolume cf so¥l. The particle dersity
g b | of sgecific grevity is the feund krowing the dry weight exi tie
"Q: ! ol ;-;c:z_icé 7 the soil periizlss. i
‘ Abterters Liriss The Atterberg Limits tests were performed
}%3 ‘ C uEilizizg the siexderd egnipsent :develcgeﬁ; ;Z's:r Cesegrerde (k%) ex3
"o Trocedures es gien by Lebe (%3). Prior o testirg, tke soil
i, saéplgs ware a!lm& to b—eca:.e fulls' seturateld ty einir in gis~
;Zf - - tilied water for'a rdnires . of 35 !:s’# .
; Mechanical gealysis Tre particle size disiribution of tke
uo whole soll was accoxpiished by sieye analysis 1o ’éeterzﬂine the sexd
s .
- eize distrivuticn while 2 hydecmeter anelysis wes utilized to cbtain
‘ the silt end cley paxticle size digiributions. Tae stendeyd proca-
; A dures used are those given by Dexbe (k3). ‘.ﬁze clay particle dis-

" tribation wes further verified by fractiometion of the 2u - 0.2y aad
;“ <0.2p clay perticles during the course cf the mineralogicel enelysis.
> L. . -

;' - I{ethod of f:ompagticn Kneading compactionr was selacted for

this study since normally a greater variance of microstructiivr2 can be

¢t obtained on wet and dry side of optimum moisture contents. Lile soil
f& . was compzeted with a Celifornia Kneading Compactor and the moisture
conf;ent dry density relationship obtained for the soil.
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The co~pactive effort used was 200 psi foot pressure, with a

Zxell $iza of 0.5 seccnds. Tue scil was ccmpacted in five egual

2zyers with 25 tezps rer lsyer, in 2 1/30 cu £t stendsrd "Prostor"

ce=racticn pold. -.

To inoresse the uniformity of the coxpacted specizen, it was

desireble Lo 1ixit the forcaticn of lu=ps &c the z::o;ding water was

elddsd. A Technique of edding the =oiding !.ater in a fine nist and

hand mixing the soil was fourd %o be sur-c..ssﬁ)l in reﬁuc:.ng t‘he size

erd gueatity of these 1'0:'55. After mixing, the soil wes then placed

in duuble plestic begs and stored in the roist room For a period of

et leest seven dsys.

Compection of swell test spzcimens The moisture conteats

£o e used Yor the swell test were selected from the dry density
versus roisture content curve. Points of equal dry densities were
desire& ir a renge of 2-5% on either side of the optimun moisture
content. The sare procedure of compacticn was uzed for ptepa;ing
serples for the swell test. However, :artter mixing several batches
et the szre roisture content, the moist soil semples were combined
into a large plestic bag. After curing for about three days, mois<
ture coptent samples were tgkeg and sdjustments made if required.
The soil was then resturned fo storage until the seven-day period was
complete. Prior to the start of a swell test, j:he required smount
of soil for one sample was withdrawn and the specimen compacted.

The soil remaining in the large plastic bag was checked for moisture

content periodically and no changes were observed. The compacted

densities slso remained constant.
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Mineralogical Analysis Methcis

X=ruy diffraction analysis The mineralegical composition

of a soil is ‘an important factor in understanding its bensvier. Tae
X-ra§ diffraction analysis of both the Ssn Ssba Clay and Keolinite

Clgy wvas perfémed using the techriques developed by Jackson (45) es

modified by Dixon (U46).

Prepfeamez}t of the soll consisted of removael of soluble salts,

N

cg.r‘box;ates and organic matter to facilitate fractionation of the

various pafticle sizes. Fine sand particles were separated by wet
sieving using & U. S. No. 270 sieve (0.053 mm). The fine nd coarse
silt particles were then removed by successive sedimen‘{:a.tion using

centrifuge tecaniquess The fractionation of the clay was also

Vperformed using centrifuge methods. The following fractions were

obtained For X-ray diffraction anxlysis. 50-5p, 5<2yu, 2u-0.2p, and
<0.2u. The clsy fractions wers then saturated with megnesium chlo-
ride end glycolated to optimiie interpretation.

The X-ray diffraction patierns were obtained using a North
Americen Phillips high angle goniometer model instrument using a
scanning speed ofll and -2. degrees per minute 20.

Soil Microshructure Analysis Methods

F=ray diffraction method The principle involved in the

study of clay microstructure by X~ray diffraction is very simple.
The intensity of the X-ray pesk from a particular crystal plene is
eontrélled by two factors:

(1) Clay concentration in the irradiated volume, and,

(2) Orientation of cley particles in that volume.
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thar woxrds, the diffraciczmeter can cnly record reflections

b4

i
"
)
1]
i

vstels which satisfy the Bregg equation end are situ-

!
?&

ir 2 rleve par2iled io the axis of rotation of tke srveciren.

v —inerals present in the soil used in this investige-

ticm pomeist of mainly =onizorillonite and keolinite, Tue to the
ure ocntents to Te used in esteblishing the miero-

sirusinve, The morizorillonite did rot have well defined X-ray

Teexs. Iherefore, k2oliniie wes chosen &5 an indicaiosr mineral for

-2 T-rzy AiPfraciicn yeats selected for the microsiructure

irtarcretziicn were the taszl reflecticn (002) and the prismatic

Tz Fesk B2tip {TR) as €eveloped by Mertirn (26) wes used as one

Waas

=¥ ize pzrzmeicrs used Io copare particle orientaiicn.

vn - A252) explitude
{02D) 1itude

-

e FE will 3rxZicefe a chernge in reriiele orientetion sinee zs

B e
o

slzy partizles becc=e rore orientaeted (parallel to the ccoupacted

y

el

o), the (I02) tzsel reflecticn will Iimeresse and the priszetic

raZfiscticn (C2D) w312 Secreese. -
in pyier ip rmipiwize the varisiicn beitween the ecopecied semples

ersities tested (zizerzl cconcentretion)

2 retis of tte peex ratics was vsed. The Ozientaticn Retic (OR) wes
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>

PR, PR, = PR of & sample parellel
to the direction of coz-
paction

. PR, = PR-of & semple normel to

the direction of compeaction

T‘ne‘OR will eliminste the differences between compected samples
caused by veristions in mineral end particle size concentraticns of
the tested samples. Tﬁig ratio will provide a valid means of con-
paring the degree of orientation for the selected values _Of dry
densities from the compaction curve.

The OR was then determiﬁed for selected pcints on the dry
density vs moisture content compaction curve: Theoretically, the
1imits of the OR would range from 1.0 for a random microstructure
and approach zero for a completely parells. oriented sample.

The samples to be tesited were cut from the center portion of
the compacted specimen with edjacent savuples being cut in a parallel
and perpendiculer plane to the compzection effort.

Initially, the specimens were cut approximstely 1.0 x 1.8 inches
2nd 0.4 inches thick. The cut specimens were then placed in a solu-
tion of Carbowax 6000 in a closed conteiner which was maintained at
80°C (16). All semples were found to be completely impregneted efter
remaining about five deys in the Carbowax. The specimens were then
reroved snd allowed to cooi to room temperatu‘.re before finaishaping.
The samples were cerefully ground using carborundum to en exect .
thickness of 0.2 inches and epproxinetely 0.9 x 1.5 inches in length

end swidth. Thus, the aree which had been disturbed during sample
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cutting prior to impregnetion was removed. The samples in their
final form had two large smooth parallel su?faces Tor X-ray diffrag-

tion. The specimens were then stored in a desiccator prior to test-

ing. o S-
Special speciﬁén mounting holders were constructed of‘jlexi- .

glass to assure proper alignment in the Jdiffraciometer du:ing running_

of the test. Various scaqning_spee&; were tried and speeds of 1/2°

and 1/4° per minute were selected as peing the bést for fhe désjred

data- A -

Scanning Electron Microscope method A JSM-1 Scanning

Electron Microscope, maqpfactufed‘hy Japen Electrén Optics ﬁabOratory
Company, Ltd. was ased in this study. The mode af opexration of the
electron microscope used was secondary electron imagery as this mode
provided the highest degree of reéoiutiqh in the;scénnihg microsccpe.
Once the probe was preperly foéused on the specimen, the chzaging of
magnification or specimen orientation did not require any change iﬁ
focus. This is one of the reasons that the depth of field is en~
hanced and improves the interpretation of scanning electron micro-
graphs. The depth of field is one of the most desireable fegtures of
the Scanning Electron Microscope.

The semples selected for study under the electron microscope
were those of the two selected mbisture contents which corresgonded

to the two states of microstructure.
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Initielly, small cubic speéipieés were obtained from the center
of the coﬁpécted sample. Thé spécimens were then fractured both
vertically &eng hor* zontally to give annroxime.tely 9, 3 inch cubic
spec:mengs. The cubes were then tri::rm.d a.nd cut d...agonally to give a
) ‘prismatic specimen wltn 3 ‘ba.se dunensz.cn of §bout 0. 25 inches. Two

jorthogonel planes %mich hed not. 'been distu.rbed by cutting which

PN -

represented a surfece parsllel and .one nomal %0 the diréction of
-compaction were then preparé:;i‘ for étuciy. .

The fracture sgri’s:ces were cleared c;u‘.’ the la.yersq of damsged end
reoriented perticles ca;sed by the fraéturing process by & ﬁetho&
d-a..::lbed by Bc“:ien and Sides (1;2) using a number of applications of
adhesive tape. )

. ATter tI;e surfaces ;vrere cleaned, the specimen was mounted on &
special specimen plug and coated with gold palladium by metsl
evaeporetion %o,render the surface el;-:ctrlc ally conductive for
viewing in the Scanning Flect»on Microscope. Several other coating
metals were used, however, gold palladium provided the best results.
Samples were then placed in the specimen chanber of the microscope .
and viewed at various megnifications from 600 to 8000 times. Fhoto-

micragraphs were taken of selected representative areas and enlarged

by photograrhic means.
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Swell Teéf Apparatus and Methods

The Bi;hop Oadometer The Bishop Oedometer, HC1 Hydrgul;-
cally Pressurised Consolidation Cell manufactured by WYKEHAM FARRANCE
ENGINEERIKG LIMITED? was briginally devéloped as an imprbvement to
the stanéard méthod.of rumning the consolidation test, A schematic
diagram is presented snowiné the basic components of the éédometer
in Fig. 9. The oedometer with top removed is shown by Fig. 10,

The advantages ol this type of consolidometer are:

(1) It is possible éo-measure pore pressure.

(2) It utilizes a flexible piston to transmit the
hydraulic load to the upper surface of the soil.

(3) It reduces the effects of the side friction since
the measuring pad is loceted in the center of the
sample.

The only modification necessary to the oedometer, in order to
measure high suction pressures, is to replace the standard porous

stone with 2 high air entry ceramic stone. This was done, using

a S Bar ceramic stone made by the SoilMoisture Equipment Corporation,
Sants Barbara, Californie for this study. The stone was then cemented
into the bottom of the chanber using a high strenzth epoxy glue
(E—POX—E glue No. EPX-1l, manufactured by Woodhill Chemical Compsny,
Cleveland, Chio) which had the desirable property of expanding

slightly when submerged in water for any period of time.
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CHAMBER
DRAINAGE
PLUG

KEY

LHIGH AIR ENTRY CERAMIC STONE
2.SAMPLE RING

3. FLEXIBLE RUBBER MEMBRANE

4, TAPERED INTERNAL RING

5 POROUS STONE

10. CHAMBER TOP

1. CHAMBER CLAMPING SCREWS
2. FOUR LOCKING NUTS

13. LOCKING RING

4. UPPER "0" RING
6. SMALL METAL MEASURING AREA I5. SAMPLE RING CONTAINER
7.LOADING YOKE NUTS 6. LOWER "0" RING

8.LOADING YOKE ADJUSTMENT SCREW |7 DIAL GAGE

9. CHAMBER PRESSURE RELEASE
VALVE

Figure 9. Bishop Hydraulic Oedometer
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Once the stone was cemented into place it was seturated by

£illing $ue chamber with demineralized, deaired water end allowing

the systems to remgin under high pressure for approximately 24 hours.

About 100 ml of vatérfwgs t@en forced through the stone ;o remove
any air which was trapped in the stone and héd goneAin£o(soiution
under the high pressure. The chamber ﬁasgthen depressuriged,
drained and filled with air, The air bubbling;préssurg of the stone
was checkéd. It was found that pressures of 75 psi could be main-
tained without air bubbling through the stone gnd:é faiiﬁre of the

neasuring system.

Support;hg system In order to meet the objectives set
forth, the followigg supporting system was designed to provide the
control and capabilities desired.- A schematic diagram of the entire
system is given in Fig. 11.

Air pressure chamber To provide the necessary air pres-

sures for the axis of %ramslation technique it was Pequired that
constant air pre=sures could be raintained for lengthy periods and
that these pressures couid be accurateily measured. ‘

To meet these requirements it wss deeided to use an air-water
pressure chamber which was connected tc an air supply through a
100 psi'pressure regulator which could maintain constant pressures.
The water in the pressure chamber was connected to the central valve
system through & long length of tubing, approximately 15 feet. This
vas done to prevent contemination of the deaired water in the rest

of the system when pressure measurements were taken.
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Load and back-;orgSSu{e system The use of self-adjusting

: -merc‘ury pots to provide consté.ﬁt pressures for leng periods of time
is weil es‘l;ablished. It anyﬂ' small lezk develops or & change inr
volume in the samplé', the selfeadjﬁgtiﬂg spring on the pots vill

compensate grd meintain the Pressure at a constant value.

Two Sets of séli’-'a.d,}usr‘cing ﬁercury pots we:pé used. One wes
utilized to apply the loadirg on the specimen while the other was
used to epply water at Mknown pressures to the sample. The pressures

were transmitted through: the central valve and measurement systenms

to the Bishop Oedometer,

Measuring system The measuring system used was similer to

that given by Bishop and Hénk'el (h}). The main components consisted
of a préssure gage, és.libra.%:ed in 0.10 kg/cmz, a merctﬁ‘y menometer

celibrated in 0.01 kg/ém2 with a magciimum reading of 1.8 kg/cm2 and a
scerew control pump for fine adjustment. This system wes used to nieke

all pressure messurements for the entire system.

The manometer was adjusted to give a zero reading for water

level at the top of the cersmic stone.

A1) components of the system were interconnected through a
central valve network and menifold which increased the ease of
operation snd maintained a better control ower the entire operation.

Pore water pressure measurement apparatus Pore ‘water

pressures were measured by using s Bishop null indicator, illustrated

in Fig. 12, The principal advantage of the null indicator is that

the pore pressure can be balanced rapidly by applying an equal pres-
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Figure 12.
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sure o the othei side of the mercury columi preventing any flow of
water eiéher iqto of'oui of thé*seii sample. The smell aiameter
(1116 inch)>mercury column provides high sgnsitivityrin«measurements,
wheraas, the larger bore tube provide§ an>adequate volume of mercury
ﬁo prevent loss of the mercuri;eolgmn:due to accidentaliy unﬁal—
anping-%ge:préssures.' ) i - B »

Fﬁr‘flushiﬁg and éeairing the apparatus, a mercury trep is pro-
viged 3o tﬁgt free passage of Hatér is pdésible by tilting the null
indicator and -allowing the mercury to flow into the trep.

Prior t6,§esting, the mercury column is raiéed to the desired
level and the éystem balanced.- By increasing the pressure rapidly,
tae null indicator can be checked for anyitrﬁpped air bubbles which
: are indicated by a change in the mercury water interface. Movement
of less than 1/16 inch was cons:dered to be a result of elastic
exp§h§ion of the null indicaivor and not a resuit of trepped sair.
After the initial desiring of the null indicator, the operation only
required flushing with fresh deaired water prior to starting a new
test,

Moisture content measurement &4 Bishop volume change

device was useG to measure>the gmount of water that flowed into the
sample during an application of back pressure. This device, Fig. 13,
measures the volume change by the displacement of the surface bet&een
water and colored kerosene. The inner tube is relibruted so that the
volure of water displaced mey be read directly. The apparatus was

used in enajunction with the self-compensating mercury pots which
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appliagd itke reguired Tack rressw-e. The chenge in rmoisture ccnient
coald be serculzted ¥ncwizg the - xiuse of water flowing intc the

sazpiz, initiel moisiure content anit density of $ne specirern.

Swell test proczdures 3efore vezinning eny tesi the entire
systea was flushed with demineralized desired water and the ceremic

- stone saiursted.

The compected soil semple 'uas cut 2nd trimmed to size in the
cutting mold, eud the énds trimmed fiush to the semple holder,
Finished s:i::é of the semple was 3 incﬁes in diametez;' and 0.f5 of an
inc: thick.. The sample was then mointed in the cedometer.

Once the sample wes. plé.éﬁd in contect with the ceramic stone tﬁe
oédon;eter was aésén;ble& g&s rapidly as po;sible. 7 The upper chamber
was filled :'-’rith water 'py using a separete pressure chambei to supply
water rapidly to the chamber. Ir order to prevent cavitation during
ne assembling and £illing t}'e»upper chaﬁber it was necessary to
open the valve on the pore pressure system for a fraction of a second
to relieve the negative pressures. This procedure was used by Olscn
and Langfelder (5) =and the small amount of weiter moving into the
sample should not affect the soil suctions significantly.

Ozce the upper chamber was filled with water, the air pressure
and chamber water pressure were increased simultaneocusly in the axis
translation teéhnique. The dial gage was then read and this reading
taken as the initial value. The loading was then applied to the
specimen by use of the mercury pot system. The pressure applied was

equal to the desired loading plus the applied air pressure.
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The semple wes then zllcwed o cc=e io eggilibxiun'with the
epplied 1n2d. Feriodic reasurezents of The joré waler pressures and
the dial gage were taken. Egpiﬁibrium was reached when the pore
weter pressure remained comsteni c7er a2 pariod of %ime and no furiher
covezent of the gial gage nccurred. This point’vag,ﬁoigglly raached
in 2 éeriod of time ranging from S to 2k h@urs;r'—i

Tie soil suction, which is the slgebrzic différence between the
applied air pressure and measurad pore ﬁeter'pressuré, was then re-
duced in increments until the soil suction reacked zero. Tais sies.
dorne by epplying e back pressure equai to the pore air.p}essurg
through the volumeétric device to the oedometer. Peiiédic ﬁgasureménts
of the amount of water moving into the s6il were made uantil the de-
sired quentity had benetrated the soil. The times of back pressure
epplication depended upon the degree to which the suection préessure
was reduced. They ranged from & few minutés to about 36 hours for the
last incremeht which reduced the suction to zero. Pefiodic rgadings
of the gial gage were taken. The swell was computed based on the
percent vertical change from the originel sample height.

After tésting, the sample was removed and the moisture content

checked. Prior to testing & new sample, the entire system was

flushed with fresh, deaired, demineralized water.
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SECTION ¥ : -

RESULTS £ND BISCUSSION

Mingrg%gggb‘ikz miﬁér;logical apelysis of tﬁe éan Seve Clay es
modif;ed:by the aﬁdifion of the kaolin;te cley is presented in this
section. Tae mineralogy of i@é eolinite is givén in Apperdix I a#d
wiil not be &;écusseﬁ>in this section other then %q say it is &
relatively pure keolinite of very hzgh crystallinity. -

Analysis of the mineralogy fpf the San Saba Clay was performed

- for the foilowing soil fraetions: >50p, 50-5u, 5—2#, 2-0,2y and

<0.2y. Tke X-ray diffiéction pattérns cbtained for each fraction are
c;nféined in Appéﬁdix I;: The finersilt \5—éu) and -clay fractions of
the soil vwere saturated with magnesium and ethylene glycel to eqhancé
the idéntificatioﬁ of mént;ofillonitE. Table 1 summarizes the min-
eralogy of each of the soil frections.

Discussion of the mineralogical properties The use of X-ray

diffraction patterns is ﬁell established for the identification of the
various clay minerals present in a soil. A mineral has certain diag-
nostic X~ray pesks which are a result of its crystallire structure.
The location of these peaks has been well established by many inves-~
tigators and can be used to determine the type of cley minerals
preseﬂt in a soil as well as‘a rough estimate of the amount of each.
The sand énd coarse silt fractions of this soil consisted almost
entirely of quartz. The diagnostic X-ray pesks for quartz are very

o
strong and sharp peaks st 3.3% and 4,26A. The fine silt (5-2y)

51

Al .

'
POV

. )
PRSI S

S T

P

PV N

i




TATIE 1 ESTIMATED ABUNDANCE OF CZAY MINERALS

CGreain size yﬂine:als present )
Send, >50p : Q,*

Silt, 50-2p _ ‘lez

c s 2~0. KX}

oarserclay, 2~0.2p Ka 2H3Q3
Fine clay, <0.2n 31K213
g ~ >hog - 4 K - Keolinite

2 - 10-%0% I - Illite

3 - <10% ¥ - Montmorillonite -

-Q - Quartz

N - <

fraction contains quertz, keoclinite and illite,

Kaolinite has' X-rey pesks at 7.1l and 3.573 whereas the illite
was identified by its charg@teristic X-ray peaks at io‘and SZ.

The clay was separated into coarse (2-0.2y) and fine (<0.2y)
Practions. The coarse fraction contains meinly keolinite and illite.
A small amount of quartz was also prgsent. The fine clay fractfon;
consists largely of moﬁtmorillcnite. The strong, sharp X-ray pesak
at lT.TK is indicative thaﬁ a large quantity of this mineral is
present.

In sumarizing the mineralogy of the San Ssba Clay, the soil is
composed of guartz, montmorillonite, kaolinite and & small amount of
illite. |

The presence of moatmorillonite in a large quantity is a good
indication that the soil has an~exp3n§ive potential. Montmorillonite

has the unique property of an expanding lattice structure, which
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greatly increases‘its gbility to adsorb large qnéntities of water.

Also, the normally small crystals (<G.2yu), provide a large surface
srez Tor sdsorption of water moleéqles-pez unit volure, further

ihérgasing its expersive poténtial.
San: Seba Clay,_éue to its montmorillonite content, couid re
expected 1o be a somewhdt troublesome soil on which to construct

structures with 1ight fcundations: During seasonal fluctuation of

moisture cqntént, considereable shrihking,gha swelling mey occur in

the -soil.

Engineering Index Properties The results of the standard engi;

néering index properties aie presented in Teble 2 for the .San Saba
Clay. Included are'the specific gtavity, the liguid limit, plastic
limit and plasticity index.

TABLE 2 ENGINEERING INDEX PROPERTIES

Fo RN R N

.8

Specific gravity 2.6
Liquid limit 58.0
Plastic limit 21.6
Plesticity index 36.4

Grain Size Distribution (%)

Sand, >50u

5.6
Siit, 50-2u 43.1
Clay, <2u 51.3

-\

~ >

The results of the compaction test are included in this section.

The soil was compacted using the Californis Kneading Compactor. The

optimum moisture content was 22.5% with a maximum dry density of

100.2 1bs/cu ft. The dry density-moisture content curve is given in

Fig. 1k,
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DRY DENSITY (lb/cu ft)

OPTIMUM
225%

100 - /
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Figure 14. Kneading Compaction Curve for San Saba Clay
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Based on the index prorerties and grein size distribution of the

San Saba £lay, the soil would be classified as an inorganic cley of

‘high plasticity - "CH" in the Unified Soil Classification Systen.

Discussion of engineering index properties The liguid

limit of 58 is indiéétive that the clay has a considerable amount of
montmorilicnite, as Qas shown in the mineralogical analysis. In gen-
eral, soils vhich have a Plesticity Indey (I,) greater than 30 will
normally have a.coﬁsiderable shrink-swell potential. The I_ of 36.h
_éauld indicate a2 moderate swelling potential for this soil.
Thé:mois;ure content-dry density curve obtained from the knead-
ing compaction was analyzed to select the molded moisture contents
to be used for the swell test.
The moisture contents between 2-5% on either side of optimum
were sélected as the general range which would provide the desiréa
. mierostiucture changes and still keep the soil suctions compatible -
with the air entry range of the ceramic stone used. Thé dry density
value of 96.8 1bs/cu ft was selected as meeting ‘these criteria.

Moisture contents of 19.1% and 26% were used. Sample preparation

was developed sé that the dry density could be duplicated throughout
the testing period. A varianée of 0.3 1bs/cu £t was accepted as
allowable. v

The minimum curing period of seven days provided a constant

density and no changes to compacted densities were observed at longer

periods of curing.

Microstructure The data obtained from the study of the clay
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microstructure is divided into two areas and discussed seperefely.
Those areas are the results of the (1) X-ray diffraction Sechnique
and (2) the Scanning Electron Microscope.

X-rey diffraction results for microstructure The X-ray

peak intensities used for the defer@inaxiep of particle corientation
included the (002) end (020) peaks of kaolinite. Typical results aré
given in Fig. 15 and ‘the corresponding peeks identified with a nyetd »
beside the respective number to indicate keolinite. The data show-
iné peak intensities are given in Appendix II. TFig. 16 shows the
change of particlie oriertation of the Eéﬁpacted‘samples with changing
compacted moisture contents. The marimum degree of dispersion is
apparently reached nesr the optimum muisture content and decresses
slightly with moisture contents significantly wet of optimum.

Disenssion of X-ray microstructure results Kaolinite as

an internal standard for the microstructure was selected for several
reasons. First of all, the montmorilionite X-ray peseks were very
diffuse and could not be éasily distinguished. This is a vasult of
several factors, the primary one being the incomplete saturation of
the soil, which would cause a non-uniform lattice expansion of all
the montmorillonite particles. This factor was very‘evident in the
drier compacted samples as a very broad band was produced.

The second factor ﬁas the very vesk prismatic peaks of montmo-
rillonite. The high degree of background scatter in the X-ray
patterns tends to obscure these peaks altogether.

Kaolinite, being the second most common clay mineral in the
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" soil wmatiix, was selected for microstructure anelysis. Keolinite hes

very strong distinct If{-ray peaks which permits identification of the

selecied peaks possiblie, °

From Fig. ;27!.6 it cen be seen that dispersed orxientation increases
with incresasing moisém'e conients until the optimm moisture contert
is reached. It then remains éss‘ei’mtial};y' tﬁe sare unkiz about 26% 2%
which pc}iﬁt apﬁarently a decregse in preferred oz;ienta’.‘.io;: begins.
The decrease in dispé;'éipn may be explained by az‘zelyziﬁg what 'happezzs
during compaction s the soil _appz‘c-acheg seturation., .For particle
)oxientat:;on to change, a stress must aect on the soil particles. A2s
thg &eg_ree of saturation increases the stress transmitied to the
particles durihg comp:a.bti’on is less as:the water takes part of tr I3
stress. Therée would, thérefore, be less foree ecting ca the particles
and ‘conseqtslenti‘\y the rearrangement zlso would be less.

" The orientation study of éém?aéted clay by Leribe {2) using ‘the
petrogrephic mzi.créscépe shows e definite chenge in slope of the
orientation curve near ﬁ;e optimum moisture ccntent. The degree of
saturation for the v;.riou's data poixit>s is not given but ;nust bte one
of the factors influencing this c¢hange in slope. Cementing agents

(orgenics, carbonates, etc.) present in the soil will also bave an

influence on particle orientatiou. The degree of reorientation pos-

' sible by Hechanical means maey be some.nat limited if these bonds are

strong.

The results of the X-ray ana.jysis point out that the occurrence

of multi-grain structures (packets) i5 very probsble. However, it
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)
P

is limited in defining vwhether packet of individusl partizle

orientetions are present in a soil &s no visual evidence is provided.

2
.
5 A AN re i oM ekmemnnesdinm S id e A S e

The -ray anelysis of the microstructure will give 2 geod esverage . - o

orientztion of the perticles: and will show overall gross orientation.

Scznning Eiectron Microscope results for microstructure Inm
order to ftry t0 define whether bpacket cor individual particle orien-
fation was prevalent in %he coopecdied saziples, electron micrcgfaphs >

were taken of samples &l the two test roisture comtents uséd in the -2

i

swell test. B2oth sapples hed the same dry density but were compacied

PN TN

at 19.1% and 6% roldiag —.ter contents. :

e

s

Representetiv: elsctron microgrepns evs presented on the follow- !
ing pages. Surfrices normel and persilel o the coopective effort

are shown.

P T

oL e

Micsootructure 85 19.12 moisture content Figs. 1T and 18

“

F Y N

were tekep of the surfece normel to the .direetion of the compactive

"

effort. The gerersl sppearance of theseée Ligures is chavacterized by -

et

4o

e multitude of packets which appeer to bu generally arranged in the

PRNFTIS VI

plane normal to the compactive effort. Also, they give the impres-

sior of having a ‘ve.:ry open network of perticle packets gnd" relative o

large pores between the peckets. ) : | - :
In Figs. 19 and 20 a surface which is perallel to the directicn

of the compactive effort is shown. These figures ;hcwr 8 number of )

packet edges to be present. However, there is still -an overall ran-

domhess of the orientation of these edges &8s well as some packet -

faces apparent ir the micrographs (Fig. 20). Generally these

60
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" ‘micrographs give the appéérance of a somewhat random orientation of

packets and  do not seem to be chargcteiized by individual particie

orientation.

Microstructure at 26% moisture content Figs. 21 through 23

weré taken of the surface noémal to the direction of the compactive

éfforﬁ and Figs. 24 and 25 represent & surface parallel to the com-

-~ -

pﬁctiqnt In general, these micrographs appear to show a micro-
structure which is more massive and has a lesser degreé of openness
then the samples compacted at the driér moisture éontent. A high

number of padket faéés grelshown normal to the direction of com-

paction but there is s$ill a certain amount of randomness. present.

The micrégrdpns shéwing a surface parallel to éompaction still nave

a somewhat Fandom appearsnce.. The lesser degrée of openness tends

"to give an imprgssion’th£t~a higher number of“packet edges are

present. In thé generai topographic view (Fig. 2k), this randomness
cén be seen, - : e ‘ e -

Comparison of wet and dry side microstructure The micro-

stiuctuﬁe fiiustrated in the preceeding micrographs is a much more
éompiéx system than the curfent idealized representations in the
1iteféture.

_The surface nermal to the compactive effort in both samples
appears to have a large number of packets in a plane parallel to the
micrograéh. By comparing Figs. 187and 21 the massiveness of the .

wet side sample is obvious as is the lack of large voids.

In comparing the surfaces parallel to compaction of the two

65
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¥igure 25. Scanning Electron Micrograph, View 2,
Showing a Surface Parallel to the Direction of Compaction (26%)
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moisture con‘ents, there is 2 higher occurrence ¢f "ed es in "'re,
25

'.'e% side sexple. %kis would indicate more s;rtzc_e ¢rientaiicn in

this semple. zi’c’ sever , ihe sazple dces rot approach the degree cof

diSnersion 'éfev’ ously indicated in “%he literature.

The conce*ots of S.oa:ze znd ¥ell {33} axe perhers in closer

sgres wi n tke @.cregraphs obiained. They ccnelwied inat the

co:ap'aét‘._:d soil consisted of =ulti-grain packets which will be in var-
ious degrees of orientaticn dependirg u‘_':»cn the =olding waier conient

" for compection. Wi h smuard electren mcroscony it Eas been wvery

difficult to obtain e depth of Tield which womld give sc=e insight

Ly ek

es to the a.ctual né?.e—un of tke packeis. In Fig. 18, tre hei~’t of
5 > - 2 X 3 > 218

the packets is om.te easily seen, however, wes not poseible to

dzst’ingmsh the actuel orzentats on of particles within the packets.
Sm::.g Tre data o::tame‘ rc= both the X—ray diffraction
and sé’éﬁiing electron nicrbscopy techniques suggest thai the change

in “h° mcrostrucuure Droduced by kn ee.&m,_:, coxpaction (wet and dry

of optimum) is not significan‘lg. For the so0il tes sted, the meximm

dispersion possible under the compactive effort used is reached

around optimunm mcisture conteat a.n& decreases slightly for moisture

contents above 26%. -

The eléctron microscopy results indicate that a multi-grzin or

packet formetion is prevalent rather than individual particle orien-
tation. Compaction was effective in causing increasing dispersion of
the packets but it is felt that the orientation within the packets

themselves was not altered significsntiy. Diamond (48) performed a
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similar study orp coc—ercial ¥ebhlinite zmd iilite exnd aisg conciuided

thet the arisntseticn for wel and dry side coopacticn was rot signifi-

cantly different using impact za—paction.

Using the clessifications of orientation of Cdcm (48), the =icro-

structure would vary froxz a “poor".preferred orientetion to cre with

only a "faix" degree of preferred orientaticn. ¥%hile z certain sxommt
’ e
W

of vreferred orientation does exist in %the wei of opiimm sz—ple, §

oes not approach & disparsed microstructufe. .

Swell Test Apelysis .Tais ‘section is divided into thre# paris:

results of the initial soil suction for the selected roisture con-

tents to be used ere presented first; the swell data for the wet and
dry side compection are presented separzisly. Values of sucticn are
. . R - .2 , . - N R
reported in units of kg/c~ rathér then umits of »F for ease of in-

terpretation as the daia was in a soaell range of TF..

Initial soil 'su_ctioxj ressurement The initial va.}.u,e’srei‘ )
the soil suction for both the samples compectPd at -19.5.% and 26.0%
moisture contents were detérmined. For this initial det:.grmine.tion,
the exposed end plete method of Gibbs and Coffey (11) wes used.
Two different procedures of applying the air pressure required
for axis trenslation were used. Invone test, the air pressure vas
increased gradually in small increments to keep the measured pore

water press::t‘;e slightly positive. In another test, the total re-

quired air pressure to prevent cavitation from occurring was applied

at the start of the test.

Figs. 26 and 27 show the equilibrium time and 'soil suetion

3t

[ TR YO

"
oy oas dhinee i sar,

I

A AL A U

o
S vire

P ¥ I T U RV

w

PRy

.. 3

-
[OUSRPEY

ca e we
ON A .‘




SOl SUCTION (Kg/em?)

- FEST LOADAS

o
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Figure 26. Soil Sucticn verses Time of Applied
Aiv Pressure for Iinitizi ¥oisture Comient of 19.31%
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réla‘lgionships. . '.f."ne initial suction ;’or the 19.1% z:gistu’z:é content
's;npié was 5 JiB _!;:g/cm2 for thé graﬁue.‘!. ing_rease of apé]i”ed 2ir pres-~
sure and. 5.];14; kg/cmz for en initial 2ir pressure appiic’aticn of
k.8 >kg/4cm2'. The 26% meisture con‘tién:b ;ample ’naé. e valué of 1.52
kg/cm2 ét en air press;u'e of 1.5 kg/cx;z, vjhe:;eas by graduelly in-
h éreasing the epplied e.:.r pressures ,A an iﬁi.’;ieﬁ. suction of 1.55 k‘g/cr:.e

was measured. - S - -

DiscusSion of initial soil sucétion Feasurexent The deter-

mination of thé initial soil suction values for the cozpacted Semples
was very important for severasl reasons. Frimerily, it was necessary

to determine if the cgpebility of the ceramic stone we$s adeguste. If

the soil _§:uction vere:gréater than the a:.r eniry value of the siome,
then cavitation would oécur.: The polie pressure ressurerent sysien
would then bresk down end inaccurate geta would be obtained. In
some early 1_;ests;, when ca.vitati_;n <_lid occur, the meas: red pore water .
pﬁ_t;es‘s"lilres began to increase rapid.y and with time appi'oé..:hed values
of the api)lied air pressure.

The time required to establish eqrilibrium between the cerzmic
stone, applied air pressure and the soil sample was greaily infiu-
enced by the initial condition of the cerami;: stone. 1If the sione
was too wet, a considerable lag time resulted before equilibrium )
was reached. It was i_‘ognd that by lightly wiping the surface of the
stone with clean filter paper the proper initial condition of the
stone could be obtained. Equilibrium times ;anged from % to 6 hours.

It was also observed that by increasing the contact arsa between the
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sicne acd soil to gbout 85%, itre time reguiraed for eguilibrius wes

dépreesed. Initielly the tesis wexe perfor—ed usipg sbeut 70% cor-

tact arez es suzgesied for tre expcsed end plate teéchpicte Tud

resolted in eonilibrivs fizes exceedirg 8 Zours.

A ccozariscn between the w0 methods of epplying the reguired
air pressure was recessary to Cetermire if zmy significant Giffex-

erces cofcurred in tke initiai velwma of soil sucticm. In thke swsid

[

test, the zir presswre wonld Le artiied et tke steri of tke Test.:

v

The slight differezces of 0.0% kgfex” exd 0.03 kg[c‘.*z were guite

eccepiablie znd were prciebly cazused by s=e2i% differences ip, szmples

theslaves. - -

: Swell test resuits for sexples comracled at 20.15 The re-
lzticouship vpetwésn <63l suetich erd moistwre coumient is skosm in

Fig. 28. %ke infiverce 6F tke zzplied ezaemalioeﬁing is éer..cu-— :

strated by the fexily of curves shich sterdted at a2 suelicn of zbout
3 xgfed”. The increase in lceding had Two effects. Fivst, the point

2t which the curve lefc the siraight iine mert of tke suctisn ¥s

eoisture content curve was a2t rrogressively lower soil suctiomns es

th

tte 1024 was increased. Second, the finzd moisture contents were -
reduced as the load incressed zud veried frcm 30.2% et z zerc lceding
e e ~ Cd = 2
to 24.27 2t 2 load of 1.5 xgfca”.

Pig, 20 shows the influepce upon the swell of both the decreas~

ing goil suction and the gpplied lozdipgs. Mexirun swell under zero
lcad was 6.9% end decreszsed to 0.44% at 1.5 kg/caz. As the size of

the test lozds incressed, consolidziion occurred during the

76
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equilibrium period. The ecnsciidation supeered £o have very litile

-effect upon the initial soil suction.

Rig. 30 gives the relationship between swell ard roisture con-

tent for the verious test losdings.

“fhe experirental data is given in Appendix ITI. Table 3 pro-

wides a tabuler suzsery of losd, swell, roisture content values and

degree of saturaiion.

TABIE 3 SWELL DATA SUNVARY 19.1% INTTIAL ¥DISTURE CONTENT

Avplied losding, kgle=” . 0.0 0.1- 0.2 0,5 1.0 1.5
Initizgl soil suction; A
kg/en?

: 5.18 5.0% 5.0 5.00 k.98 k.65
Initiel degree of satu- ) ] ’
- retion, (%) 72.3 72.6 72.7 72.3 73.2 7L.T
Initial moisture con- :

tent, (%) 39.1 19.1 1g.1 16,1 19.1 19.1
Finel roisture con- ) . _ )
tent, (%) 30.2 30.0 27.9 26.9 25.1 2L.k
Finel degree of satu- )

ration, (%) ) 97.9 99.8 97.2 99.5 93.2 91.3
sweil, (3) - 6.9 47 3.5 0.96 0.8 0.kk

> L E

Discussion of resuZts for sweld tests (319.1%) Tt would-

appear from exsmining Fig. 28 that the test loading hed very little
effect upon the initial soil suction of’the ssmple. As the moisture

content increased, the ccrreSponding reduction of the soil suction

Tollowed the same approximate path to a suction of about 2.0 kg/ cm2.

Then, depending upon the loading, the ectual point of departure wes

at a lower value of suction with increased loading.

To examine the- possible reasons for this, it is nrecessary to
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examine what cccurs in the pores as the suction »ressures are reduced.

As hes been pointed out eaflier, the Soil compacted dry of optimum

" pr3bably hes an incompléte development -of the clay micelle. The

reldtive strengths of the various components (capiliaxy, osmotic and
adscrbed water) are x;ét known exaetly but es weter is applied to the
soil during the swell ieést, the capillary téﬁsiqns in ‘the soil pores
are reduced. ‘I'hé.;l, during the equilibrium period & certain drop in
the éoi], suéti:on occurs. Since theAcapiliary forces are- acting to
hp}.@i the soil particies together, they in a sense retard the swell.
With a release of fhese fressures ;. the suil particles mey imbibe
water into ‘l;he clay iniceile whbich will increasé the :'L-epulsive forces
and cause tﬁe swell to start; :

‘ Anozﬁe: factor which would be ‘active in this range of suction
Prescuses is fée elastic rébound of éiay particles which have been
deforﬁéd by ﬁ}é high ~su(:‘l:ion pressures. As the suction pressure is
reduced, these partiqles may: regain their initial position and
thereby cause some vclume expansion.

The departure from the straight part of the curve also corres-
ponds very closely with the point at which the swell begins to in-
crease rapidly wita t;ha.n‘ge in moisture content (Fig. 29). There
would appear to be some térit‘ica.l value of soil suction at which a
higher rate of swéll would occur under a given loading. This point
corresponds to a condition where the forces pushing particles apart
(osmotic) start to greatly exceed the combination of the load and

suction forces forcing the particles together. As the size of the
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3ced incressed, the s50il suction vs swell curve epproached &
straight lire =nd did not swell as repidly with e change in moisture

content, :

Eelcw this eriticel value, the sivell thet occur.s couid te ti_:L’::ost
entirely due to the water reguired to egueiize the ion concentration
between the pore water end the watér in the cle.y micelle.

The osrotic swell has been terzed a "repulsive pressure” since
as a resull of irbibing of add_itiox;el water molecules, the particles.
will b= pushed .furtl;er apart. Depending upon the size of, tz;e apgl;‘.e:}
1loed, the degree_ of expansiop indicates the equilibrium v’b:et';‘eén tb:‘e .
force (applied lo0ad) pushing partiélés together and the force 5os~
zotic pressure) trying to yusl; the pag."tjl;;les: epart. ’i’he osmotic
dexend was very ;trong since the irbibed water waé deionized. There

exists a large inbalunce between the cley micelle and the, pore water.

£s the water molecules ere téken into the clay micelie, the micelle

ineresses in size and swell must odviously occur.

The final degree of sg.turation was in all cases less than 100%
et zero soil suction. This has ';)ee:; obServed by Gibbs (23) and
Matyas ( 1&9*‘) to be the case for soils at higher initial soil suctions.

fhe occurrence of enfrapped air is a possible cause of incom-
pléte saturetion, Due to the higﬁer amount of air veids initiaily

+the chance of entrapment is much grester than in & soil con;pac-ted

with a8 wetter initial condition.

Swell test results for semples compacted at 26.0%4 The data

obtained from the swell test for the 26% moisture content sample are
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Jeesented grephically in Pigs. 31, 32, and 33. Totel swell for these

‘serples wes considerably less then Tor the dry side compacted sanmples:

Theé mexirrs ‘'swell under zero loading was 0.97 and this wes ‘suppressed

by even light joedings. When the losd exceeded 0.5 ‘:;g/cmz, consoli-
daticn occurred, end no ‘swellix’:g occurred as the moisture content

increased slightly. A loading cf 1.0 kglcr;z vas pérforzed but con-

tinua@ conrolidetion occurred end the samplie reached epproxinately
fuli saturation during the equilibrium period between the applied

- loa® and measured pore water pressures. -

- The 863?1 st;g;tion afid moisture content ;E'el;tionship; under test .
doading are sho¥h m Fig. 3. The finai water contént for o zero

loading wes 2:8.25«‘333 a i»:e;:o suction. The koisture content &t zev;-q

suerion decreased with iz;;:reasing loeding to 26.9% under 1.0 kglcma.

Ta¥le b summarizés the swell data and experirental results are con-

i

teined in Appendix III. : .

- <

Discussion of results for swell tests .(26F) As expacted,
the swell for the sampleé compacted wet of optimum was considersbly

less‘ %han those on the dry side of optimum content for the same

dry density.

The swell that occurs in samples compacted wet of optipum rois-

tufe content is primsrily due to osmotic expansion. Mitchell (1L)

and others (15) have shown thet swell in this moisture renge could

be completely prevented by using pore water of high concentrations

of calcium acetate and calcium chloride.
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1.0 W
TEST LOADING
A 00 Kyg/em®
0ol =
O 03 =
_ V 05 =

SWELL. (%)
Q
@)
Nin)

ok . SRS A —
25 26 27 28 - 29

MOISTURE CONTENT (Kg/cm?)

Rigure 33. Effect of Increasing Moisture Content 6n Swell
for Injtial Moisture Content 6f 26%

TABLE b SWELL DATA SUMMARY 26.0% INITIAL MOISTURE CONTENT

Applied loeding, kg/cm® 0.0 0.1 0.3 0.5 1.0
Initisl soil suction, kg/cm2 “1.53 1.50 - 1,50 1.46 1.00
Initiel degree of saturation, (%) 98.3 98.4 98.9 99.9 100.0
Initial moisture content, (%) 26.0 26.0 26,0 26.0 26.0
Final moisture content, (%) 28,2 27.9 27.T 27.3 26.9

' Final degree of saturation, (%) 160 100 100 100 100

Swell, (%) 0.91 0.3F 0.05 =-0.9 -1.h
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The inifial soil suctions were much less (1.5 xg/c=") es ike
2 § > > \L.D =g

adsorbed films were compietei:i satisfied. The soil sncticn reiizcis

- the osmo%.i.’c_; denend slmost entirely. )
- E The si;e.pé of’ tix_e soil éu‘c'tibn' vs @is_ture content curves is z:_uch

iess uni'for;than for “the-l;Q.lZ samples. However, there is still a
simflarity in the O.OA and —0.1;) kg/cm2 Joad curves,

’l’he semple loaded with 0.3 kg/cx® 3id mot swell after equili-

orium hed beet reached (ix;i‘i;ia‘l ;:6nsolidation) until the soil sue-
A)tig;l was reduced to »abéut 0.28-0 isg/cné. Totel éwell_. wes only 0.15

>‘g a zero szict;:.qn. The sé;ﬁpie under & lceding of 0.5 kg/cz‘::r2 had an

initial cohsolidetior. of about 0.9%. The sample then begen to swell

u

YTty (W U TN

. s,::iéhtiy as the ;oi; sggti;m was de(:z;eesed. t scze point ‘:;e]_.o# 2
_action of 0.33 Hg/égrzﬁ the éamplerco]lapsed and consolidated to éb@out)
'l;he initial equiJ,i'l_}rimi; volgme; The sample loaq.ed with 1.0 kg/@z
appliéd‘ lodd c;t;ntinued t‘o consolidate as the,suction; was reduced.

The final degrgé of saturé:bio_n as caiculated vas;s;igl':xtly over
100% and can be attributed. to t:he ingbility of 'aiet_emgning the exact
spécific gravity -of a soil.’ 7The specific gravity as measured is
only an a.vere.ge valué. In a clay soil, it is subject to errcxs due
to the fact that oven -drying to 110°C does not drive off all tke

adsorbed water. The value then determined is partly due to the min-

eral and partly due to the small fiim of water remeining around the

clay particle.
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Yizergiczy a2xi .'hzwne_ 7 Irdsy Prcoexrties The Sén Szba Cl=y

ccnteired 53.3% by weishi of clsy size periiclss of whick o signifi-

2z2nt excont was menisoriiigniie with lesser .._mzm.s ©f Zzaoiinite grd

iliste. e presence of mmizorilicmiie in lerge guantities is a2

good indiceticn ik=t tke soil wilil Te exponsive. The ergireserirg

izdex preperiies skhowed the soil te kave 2 licuid 153t of SBend =2

tlesticity irdex of 35.% which wonld 2iso irdicaie tka $o0il bss 2%

lesst a —oderete sweidirg polentiazi, -

Bﬁ_crcstm‘cure Ehe —dcrgstruciure for specicens corpacted oz

'...... wet a_.i a:y side 02 ontz::n:: —oistare content (80 egusl dry densi-

ties) by kneading cc"'caca.tm aae> rot gppeer to Gififar as =uch, 2s
previcusly thought. %he degree of mreferred _z_zarticis orieniation
was very szell and both nicrostructures were still within the range
of flocculent microsiructares. For the Szn Sabe Clsy the h:'.‘g_hest
_preferred orientation was obtained nezr cptimm .'::oisttn'e cortent ard
vehained constent until very high misiure ccntén'{;é were reached.
Above a moisture content of 26% the degree of dispersion begins to

decrease. - :

From the scanning electroc micrpgraphs obtained of seamples at

the two moisiture contents, it appeered that the microstructure was

characterized by a multifgrain or packet type of orientation. The
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high molding water content sample had a ﬁigier degree of packet

orientation and was much less ¢pemr in appeerance.

!ﬁcrostfgctuﬁa and Swell 'fhe; attempt to establish the influence
of s6ii microstructure on swelling was 5ot successful, primarily

becaiise- the différéncé ia microstructures was not signif;;cant for the
soil tested. Howevgr', two x;‘:ei:‘n-ods for identifying the /m‘.rcz'-ostructui'e

-he.;qe: been developed end should prove ;aralue.‘n‘le in é‘z;rtl;ex_: studies of

the soil microstructure. ] -z

- Por the_t'.:d picrostructures produced by compsction; the orien-
tation ratio of 0.52 for the wet sample is still in the general rahsé
of g'f;oceﬁl;nt étmt;tprie, ané& while heving an inéreased degree of
6rienta,ti<:>zik it does aot approacii any high deg?eg ‘of dispersed orien-

:tatioz_:.: Qertain_};g 't.hé lé.rge differencés in ’Sfrell are zimost entirely
re.'g.‘ate&: to the initial water demand (s6il suction) as opposed to
small '@i@ferénceé in x&icréétmq{cure. '

Swell ‘;‘est The éwell test dei‘relqgied has several advantages over
the currént. sta.ndar;i tests. The most imj;ortéht factor is bzing able
to n;easure and g:?:nj;rql the soii suction. The technicue used was
sué‘ce‘s'sfu]: both in being ablie to measure scil suctions up to T5 psi
under loaded conditioms as well as controlling the rele_é,se of the
suetion.

The volumetric expansion due to entrapped air is minimized by

this test method as water is applied only from one side. In the
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standard swell test; the soil specimen is subumerged and sweﬁing i
caused by entrappéé air could be a factor which gréa.tly inflﬁgnces
the results obtained. The values‘obtained by use of the Biéhop »
Oedometer will minimize this effect and should give more realistic
results, &s welli 85 a more complete jdea of the a;nouut of sweli 8t
various stages of saturation. This, of course, isr izhpe:ta;lt where
the gradual increase of moisture occurs under & structure. MNMethods
available to estimate the equilibrium moisture content e;J;pec‘éed in
the field, or the seasonal fluctuation; could then be used with this
test method; to0 place the soil in the predicted final state and then
medsure the resulting svell: It would seem thet thS:s method couid ‘
elso be used to éimu:l_ate ‘sedsonal variences .and therety be useful to
run & short térm "environmental" study of the soil in gquestion. Wnile
the test period \,'g;vld parhaps c-o*‘sre;r several éeeigs to months, this
would still be more practical than s number of years as is now re—-
quired to evaluate the seasonal influences on a. soil., B

Swell and Soil .Suction It is felt that this research hes, opened

the door to a new method to evaluate swell in which the influence of
the envircnment (seasonal wetting and drying) can for the fn's*c time
be simulated in the ls.‘bora.tory; The infiuence of soil suction upon
the swelling behavior of a soil is inést important and is very depend-
ent upon the initial value of the suction: As ha,s- been shown by
comparison of two iﬁitial states (moisture contents) the resultant

swell varies greatly. The soil suction acts as a stress, tending to

give the soil rigidity, which also tends to repress the swell., As

90

U QU

,
JCTON- L

P AR

codew M

PR—Y

o
FEOSBAR £ x.

auk«\y fusa o

o
P

D A% * I




|
1

e

>

”

‘3&%@*

o
i

.

S S

ve

the soil sucticn is réduced this force nolding particles togeiher

btecotes less and the repulsive forces becoze grezier by the inter-

actions of the cley nmicelles. There zppears toc be scme eritical

velue of jsoil suction wnere the rerulsive or swelling forces overcome

the forees holchng particles together and S"ell will increase very

i'agi'dly with a2 further reduction of soil suction. This point is also

infiuenced by the applied lozd on The soil. The lower the initiel

suctlon pressures (vewe. theé sobil) the less sweli will resuli due to

the pore fully aevelcnod cla;r mce_?.‘.s.

The importence of the snitiel state ‘of t};e so.l (or more pre-

cissly the initial soil suction) is very important. For 2 change in

roisture content of sey-25 the resulting swell will vary considerzbly

devenéing uoon une ipit ,19.1 so:.l suction. i’aedata for the drier

sa:mle (higher mtza.l soil il suction) indicate that the = ...e,,orz.ty of
the svell (ann’-on.«:e.uely 70%) will occur affer the s0il suction is

reduce& telow 3.2 kg/cm for the light Z;oadiﬁg‘;s {(Fig. 34). Yhen the
:load applied wes 0.5 kg/cm or larger the tetal swell was retarded

and the 5011 suction Vs swell curve anm:oachns a straight l_ne.

A szm.ler trend is endent from the results of une wet cample.

A soil cuc‘{::mn of 0.4 kg/cm2 apnarent is the critical velue from

which swWell increases at a mgher rate. (anﬂs 0.0 and 0.1.) The

amount of swell that occurs with soil suctioms less than 0.4 kg/cm2

is much less proportionately compered to the drier sample.

Load vs Chenge in Initial Soil Suction The effect on the

initiel soil suction of increasing the loesding was shown in Fig. 35.
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. Figure 35. ZEffect of Applied Load on the Initisl Soil Suction
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In general, the effect was small. The change in the initial soil

suction is probably closely related to the amount of consoélidetion

the sample undergoes during load épplication. " As consolidetion
bccurs, the soil mass becomes de;;ser and particles are closer —‘bo-
gether. This weuld have a tendency to reduce the soil suction
Aslightly. The cnly test samble to undergo iarge consolid'at:;.on was
the one compacted at 26%'whgn subjected to e 1;0 lcg/czii2 load. &

drop in the iritial soil suction of 0.5 kg/cm2 oceurred.
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- SECTION ViT

CONCLUSIONS -

1, Both the X-rsy technigue and scenning elecircen microscopy indicate

. . that theé soil microstructure does not change significently with

zmoisture content when kneading ccmpaction is used. This is con-

_trary to infoimation presently evailable in the literature.
2. A packet type of microstructure is & more descriptive term to
describe the soil microstructure. The packets ir semple wet of
opﬁimum eppear to have a greater degrge of diség;sion,than samples
at drier moisture contehi, From the X-ray technique the highest
degrge of dispersion wes abtaineé near ogtiﬁﬁﬁ moisture content.
VeryEVét of optirmum the degree of dispersion begen to decrease

:slightly,

3. The s&ellrtesp developed was successful in measuring and ccrntrol-

lingtséil éuct}bns under gprlied external loadings to values of

. 5.1 Xé/gm? (pF=3.%). The results for the soil tested indicate
that there was someé value of soil suction below which the degree
of swelling accelerated.

‘4, The data obtained indicate that the appliied loéding has little
effect upon the initial soil suction. Only when large consclida-
tions cceurred was there a significant change in the initial soil
suction. . |

. 5. As ivhe magnitude of applied loading was increased the amount of

swell decrsascd. Inyrcessing the applied loading made the soil
suction vs swell relationship more linear and decreased the

amount of swell as the soil suction approached zero.
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SECTIOY  VIIT :

RRCCMENDATICNS -

She nmierostructure should be studied for additiorel soils to far-

her verify thet pecket ratker then singie grain micresiructures

ok

are prevalent. The use of tke Scanni;ig Elestron Microscope :qould
grseer 10 be 2 valuesble Tool vhicﬁ could be used in tm.s study.
Further research should be undertaken to better ilrmderstenii't_he
swell-soil suction relgtionship. Undisturbed soil samples should
Be studied by reproducing the in situ conditions and theﬁ study-
ing the swelling behavior a2 the soll suction is varied.

The study of enviros'::.exi;al or éyc]:ict'effect of vafying ;65.1 su%-
+ions under loaded cané.i;.ions by the use of the swell test devel-
opad would be of value to thé soi.:ls engineer. i

The range of soil sucticns studied should be extended q;eing higher
&ir entry cersnmic stobes. This swell test could be utilizeé for

suctions up 0 a pF of L.T, which is the desiga limit of the

Bisshop Oedometer.
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APPEIDIX I

'X-RAY DIFFRACTION. PATTERHS
FOR SAN.'SARA AWD KAOLIHITE CLAYS
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Figure 36. X-Ray Diffraction Patterns of San Saba Clay,
Sand and Silt Fractions
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Figure 37. X-Rey Diffraction Patterns of San Saba Cley,
Fine Silt and Clay Frsctions
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Figure 38. X-Ray Diffraction Patterns of Kaolinite,
Sand and Silt Fractions
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PR,70.715

Figure 40. Orientation Ratio for Compacted Sample
at a Moisture Content of 16.5%
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Figure 41. Orientation Ratio for Compacted Sample
at @ Moisture Content of 19.1%
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Figure L42. Orientation Ratio ror Compacted Sample
at a Moisture Content of 22.0%
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PR,= 112

OR=053

PR,=0.59

Figure 43. Orientation Ratio for Compacted Semple
at a Moisture Content of 26%
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PR,=0.538

Figure Lli. Orientation Ratio for Compacted Sample
at a Moisture Content of 27.5%

108

T

- e

i O sl

1 JRSRSINE




T ,Sdzia#ﬁééi@% ORI T ,0 e P 1 R R ST R R ¢ T T e N P g S T T S Ty s T e s T T g Sy ae per N |
.
.
.
I . .
.
. " ' .
. ¢
« ¢ N
. .
I
.
. .
o <
v ‘ '
v i ¢ N m )
' ! ! ' ‘ I m
_ 4 BB o
. . , (=)
, . . . i
.
. _ 4 Ny
, _ N , & &
. , .
L U .
- . m 1"
.
' [72]
. .
- ! '
. . ! N
i i
i
' ) .
) ] o
f \
1
!
. ‘ ¢
N f B t .
N ’
. i
i €
t
, f
.
' ! . . .
N - i
! . . .
' ' '
: .
)
C .
' ¢ ' ! ’ '
§ 1 v N
ot . . Wt .
y \ .
I !
' t
" ¢ . "
, .
fe ™ v . i
! ¢ v . . s H N
' 3
! .
* - s e ey
. . PR SRR Y




SHELL TEST DATA

e et b+ e e e

Load _ 0.00. Dry Tensity _96.6 Mater Content _19.1
Ua = Applied Air Pressure Uw = Measured Pore Water Pressure
» Uc = Soil Suction = Ua - Uw ) 7
Elapsed. Soil Suction Back Dial Tater &
Time ] U 1 U aH L
ra - w1 ¢ Press| Rdg. | Scale {HWater
(min.) _ (Kgfcm?) ] (0.0001 in) | . (ec)
0 L.8 - q 2350.5 1 0 .
28 4.8 | 0.16 | k.64 2350.5 0
880 L.§ 1-0.38 | 5.18 2351.0 1 O
Back Piessure| Applied
0 4.8 | 2351 0 3.0 | O
5 k.81 2351 0 3.3 0.3
20 4,81 2350 47 3.8 | 0.8
' Back Pyessure] Removed }
0 4.8 | 0.0 | k4.8 0.0 2350 1
170 k.8 3.h44 1.36 0.0 | 2337 13
420 4.8 0.85 3.95 C.0| 2322 28
630 4.8 0.80 4.00 0.0] 2321 30
Back Piessure} Applied
0 - b8 2322 30 3.8 | 0.8
10 4.8 2320 31 4.0 1.0
30 4.6 2318 32 .4 | 1.4
35 4.8 2318 33 k.5 i.5
Back Pressure Removed
0 4.8 4.8 0 0.0 2318 33
775 4.8 1.8 3.0 0.0} 2290 61
1395 4.8 1.8 3.0 0.0 | 2290 61
Back Pressure| Applied
0 4.8 1 2290 61 h,s | 1,5
5 4.8 2283 68 b7 1.7
203 4.8 2167 - 84 9.2 8:2
Back Pressure| Removed
0 4.8 | u.8 0 0.0 | 2167 184
720 %8 | 3.95 | 0.85 | 0.0| 2116 {235
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_Soil Suction _

"Dial

111

Elapsed ) : Back Hater| A
Time Uaﬁu i‘lw uc Press.| Rdg. AH Scale | Water
(min.) . (Xqg/em®) _{0.0001 inj (cc)
: - Back Pressurg Applied ’
o | K1 P 4.8 | 2136 | 235 .2 }6.2
. 80 1.8 2100 | 251 . |10.5 7.5
295 k.8 2062 | 290 2.k | 9.k
390 .8 | 1986 | 365 k.6 [11.6
450 A8 | 1960 391 k.9 |11.9
520 . 4.8 | 1936 415 15.2 |12.1
0 5.8 | 1932 1 49 k.3 |12.2
55 4.8 | 19x7 | 43k k.5 [12.h
780 L.8 1868 483 5.9 (13.8
1030 4.8 | 1851 500 A.2 l1k.1
1220 4.8 | 1848 |} 503 ;6.4 j1b.3
1455 5.8 7 183 [ 512 €5 j1ik.h
1620 4.8 | 1832 519 6.6 |[1k.5
1h20 4.8 | 1831 520 7.1 [15.0
1 Back Pressure| Removed ’
o | 48 | 48 | o0,0 | 0.0 | 183 | 520
100 | L.8 4.8 0.0 | 0.0 | 1831 | 520
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SWELL TEST DATA

{oad 0.1 __ Dry Density _ 96.8 ~ Water Content 19.1
U; = Applied Air Pressure . Uw = Haasﬂre& Pove-waier Pressure

Uc.f Soil Su;t1on =, - Uw

Elapsed Soil Suction» kBack ' Dialx M ' Water | A
Time U g 1 u 8 .
) a W c Press| Rdg. Scale [Water
- {min.) . {Kafem?) {(0.0001 in) C{ee)
0 L8 0 0037 1. o ]
1 4.8 o} ook2 -5 -
5 4.8 : -0 00k6 - -9 :
20 4.8 ! 0.70 | Lo} O ook8 | -11
180. 4.8 | 0.15 | 4651 0 ook8 | -11
270 4.8 o.2h | 5.08} 0 0048 -11
ko L8| o.2k | sS.04] 0 0048 | -11
Back Prgssure|Applied
0 4.8 I ook8 -11 36 4 0
90 : 4.8 00kl =k 4.5 1.5
Back Pressuare |[Removed
o4 L8 4.8 o ‘o 00k1 -4
610 481 1.85 ] 295} 0 0033 L
850 4,8 1.50 3.30{ 0 o017 20
1010 4.8 1.50 3.30] 0 0016 21
Back Pressure |Applied
0 L8 0016 21 45 | 1.5
280 4,8 2487 50 9.8 6.7
i Back Pressure |Removed
0 4.8 4.8 0 0 2487 50
790 4.8 4,0 0.8 G 2378 159
1129 4.8 4,0 0.8 0 2377 160
1380 4,8 k.0 0.8 0 2375 162
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| Back | Diai I Yater | &

a W c Press| Rdg. : | Scale |Yater
. Akg/em?) | (0.0001dn) . | (cc)
: Back Pressurs Appli=d -

2375 162
2272 ’265

Elapsed 1. ASG%] Suetfoﬁ
Time | U, "] U U

. {min.)

0

. 6.7
175

. 12.1
0 scale
i1z2.1
-12.5
12.6 -
13.5
k.3
k.7

» *
)

oo Re-No - No-No- RN Yo

W e

-40\,(5\\)1&11 =0 N0
N ANO OO\% n o
)

2272 | 265
2259 | 2718
22hk9- | 288
2217 | 320
2220 - | 337

175

: 1050

L 1220 |.

- : ~2h70 -
' ‘ . 3790
Lo90

w&##;; &
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SHELL TEST DATA

Load _ 0.2 Dry Density :.25.8 ‘ 1Hai'elg Content 19.1

U, = Applied Air Prsssure Uw‘érﬁeasured Pore Hater Pressure
= 3 i = S H i
‘ Jc Soil Suction Ua _l;‘ ] _ o
Elapsed Soil Suction Back | Dial aq  |Water A
Time U, U N y : :
1 Ta W | ¢ Pressi Rdg. ) Scale |Hater
(min.) (Xg/cm?) 1 (0.0001 in)" (cc)
0 4.8 0 06kY 0o —
3 k.8 0 0653 -9
5 .8 3.70 1,10 | © 065k -10.
10 1.8 | 3.65 ;4 1.5 | O 0654 | -10
25 4.8 3.20 1.60 | O 0655 | -11 ) -
4o | k.8 | 2.85 | 1.95 | O 0655 -11
160 .G 1.2- 3.60 | O 0659 | -15
370 b8 | 0:13 | k.67 | O L0660 | -16
490 4.5 § o0.2c i 5.00 | O 0660 -16
700 %8 | 0.20 | 5.00 0 0666 | -16
Back Préssure jApplied .
0 o . a.8 | 0660 -16 1.9 ‘| 0.0
10 .8 - 0660 -16 . 2.2 0.3
Back Préssure [Removed
0 L8 4.8 0.0 0 0660 =16 -
510 L.8 0.3 k.5 0 0658 -l
920 4.8 0.06 4L,78 | 0 0657 ~13
1160 .81 0.06 |- h7h i ¢ | 0657 -13
Back Préssure [Applied |
0 4,8 { 0657 -13 2,2 0.3
3 4.8 0654 -10 2.4 N.5
35 ) RN 0649 ~5 2.7 0.8
Back Pressure [Removed
0 48| 8 | O 0 0649 -5
1ho 4.8 2.9 1.9 0 0646 )
40 4.8 1.2 3.6 0 0645 =1
1050 4.8 1.06 3.7Th | O 064k 0
1200 4,8 1.06 3.7T4 ] 0 - 06L4h 0
13565 4.8 1.06 3.7T41 0 064k 0
11k
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Elapsed|-_Soil Suction _ |Back | bial . |Mater| A
hime 42 Uw.'; : Uc " | Press| Rdg. 4h Scale |Hater
Imin) . . (Ka/em?) . |_(0.0001 in) (ce)
Back Pressure Applied )

0 ’ 5.8 | o6kh - 0 2.7 | 0.8
.15 4.8 G639 5 3.0 132
- 35 4.8 0637 7 3.1 ] 12

45 k.8 | 0636 8 3.2 { 1.3
. :Bacg Pressure Rgméved

0 4.8 0 0 0636 8
735 2.1 2.7 ¥o $630 1k
1000 1.55 2.85 | 0 0630 1k
1080 1.90 | 2987 0 0630 1k
1220 1.90 [ 2.90{ 0. 0630 1k
1775 1.90 {290} 0 0630 1k

E Back Pfessure! Applied

0 4.8 | 0630 14 3.2 | 1.3

45 - 4.8 0623 - 21 3.6 1.7
) Back Pressurej Pemoved
0 418 | 4.8 0 0 0623 21
910 4.8 2.5 2.3 0 0617 - 27 .
2270 4.8 2,22 | 2,58] o0 0615 29
~ { Back Pressurel Applied
0 4.8 0615 29 hoo| 1.7
Lo 4.8 0610 34 4.3 2.0
65 k.8 0608 36. . b 45f 2.2
70 4.8 0608 3€ k.5 2.3
Back Pressure] Removed

c 2.5 4,8 0 0 0608 36
200 4.8 3.72 1.081 0 0604 4o
520 4.5 3.40 1.bof o 0602 4o
610 4.8 3.3 1.50( 0 0601 43

1590 4.6 2.92 .88 o 0599 Ly
Back Hressure| Applied
0 4.8 0599 45 4.7 2.3
20 k.8 0596 48 4.9 2.5
90 4.8 0591 53 5.3 2.9
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Elapsed Soil Suction Back | Dial . Water | A R I
Time Ua_ U, | Ye | Press| Rdg. AH_ 'Scale | Water H
_{min.) . (Kg/cm®) .| {9.0001 in) . {ec) N B
Back Pjessure{Removed ‘ ST B
0 .8 ] L8 o o 0591 | 53
93 £.8 | 4.18 o062 o | 0588- 56 4
1320 .8 ] 3:4 (i35 |0 0579 €5
isho | 4.8 | 3.k0 | 1.k0 jO 0578 66 k.
17ko L.8 | 3.k0 ji1.k0o O- | 0578 66 4
) Back Pyessure|Applied ’ )
0 . 4.8 0578 |- 66 5.3 | 2.9 :‘
15 _ , 5.8 | 0576 68 54 | 3.0 E
8o | 4.8 | 057k 70 5.6 | 3.2 %
130 : 1.8 | osma 3 5.75( 3.3 '3
155 4 4.8 | 0589 75 5.8 | 3.4 ;
- 7 Back Ppessure|Reioved :f.‘
0 5.8 | h.8 0 0 0569 75 .
860 4.8 1 3,95 0.8 |0 . 0559 | 85 :
920 4.8 | 3.90 [0.90 } O 0558 | 86 .-
1075 4.8 1 3.90 10.90 kO 0557 87
) Back Pressure|Applied
0 4.8 0557 | 87 6.2 | 3.4
50 | 4.8 | -0554 90 6.5 | 3.7
80 ‘ 4.8 0552 92 6.7 | 3.9 %
1ko 4.8 05k1 103 7.4 | 4.6 i
. : 8:
/ Back Pressure{Removed 3
0 1.8 | L.8 0 0 0541 103
225 4.8 4.3 0.5 0 0533 111 »
835 L.8 | k16 | 0.6h % 0 052k 120 5
1075 4.8 | 435 | 0,650 0523 121
4
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B
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- - E
i

E]apsed] ._S0i1 Suction ;A _ Back | Dial _: THater] A ,

Time |- Ua U‘}{ 'l,]c ‘| Press| Rdg. &1 Scale | Water A

_(min.) _ (Kg/em®) _|.(6.00019n) | (cc) ;

Back Pressure|.Applied

0 1.8 | 0523 | 121 3.3 | b.6

1410 4.8 | -ouko 204 | 85| 9.8 A

1520 4.8 ohl6 | 228 9.2 | 10.5

179 4.8 oL12 232 9.3 |10.6

197 4.8 0k10 234, 94 §10.7 3

2030 | . 4.8 0kog 235 | 9.h |10.7 §

2180 . 4.8 | -okotr 237 9.55¢ 10.8 i

2975 4.8 0L4Co 24y 9.8 |11.1 ‘

3260 4.8 0398 245 9.9 }11.2

3Lk { 4.8 0397 | 247 9.9 | 11.2 .

3770 o 4.8 039k 250 10.0 | 11.3

5850 4.8 0388 256 10.3 | 11.6

6930 4.8 0383 261 | 10.5 4 11.8 i

7230 - 4.8 0382 262 | 10.5 | 11.8
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SYELL TEST DATA

Load 5.5 Dry Density _96.8 ; Water Cﬁnfent; 19.1

U, = Applied Air Pressure 'Qq = Measured Pore Water Pressure
) =<S3i1 S ion = - )
v o uc, Soil SUF?]G“ : Ua Uw ' 7
Elapsed | . _ Soil Suction . _ '|Back t ‘Dial | AH Water | A
Time u_ [T 1 ) ~
‘ a W ¢ | Press; Rdg. o Scale |Vater
min.) | {Kg/en®) | (0.0001dn) | fe)
o | k.8 | o | o8 o -
1 %.8 6 | o789 ~11
5 | k8. 4 o "} otes |-r
20 .| k.8 | 2.9 1.9 o | o082 -2
60 [ k8 | 2.2 2.7 0 0802 -2k
180 1 k.8 1 i.5 3.3 0 | 0802 ~2).
360 4,8 | 0.7 | 463 | 0 [ 0802 -2k
k8¢ | 4.8 | o011 § kL3I1 g O 08cz | -2k
€00 4.8 | 019 | L9g | O 0802 | -2k
720 4,8 | 0.20 | 5.00 O 0802 | -2k

Sack Pressure)éppiied

0 18] c8oz | ~-24 1.1 | 0.0
5 1 1 L.81 0802 ~2h 1.3 | 0.2
10 | 4,81 0800 =22 1.6 0.5
Sack Prassure Removed
of{ 481} 48 | o o | o800 | -2z
510 4.8 | 0.51 | k.29 o 0800 -22
840 .8 0.32 4.L8 c 0800 | -22
’ , Back Préssure rpplied
0 . ' .81 0800 1.6 0.5
25 4,81 o797 2.7 1.6
‘ Back Préssure Removed :
0 4.8 | L8 o | 0 0797 ~19
90 |~ 4.8 1 3.7 1.1 0 | 091 -13
240 | 4.8 | 3.25 | 1.55} 0. | OBk -6
350 4.8 2,75 | 2.05| © 0781 -3
880 4.8 1.95 | 2.85 0 0778 5
Back Pressure lApplied
0 : 4,81 0778 0 2.7 1.6
5 4,81 0718 ¢ 3.0 1,9
15 14,81 0775 3 3.4 2.3
118
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|
= 9 ]
-
e Elapseds_.__ So0il Suction Back | Dial Hater
Z i ’ g & -
o j Time | Ua l,’w —U'c Press| Rda, § A Scale
- S ~(min.) (Kgfem?) | (0.0807 in) e
{ l Back—Pz!essure Removed _
! o-|] 18| 458 |-0 | o 0775 3
y 315 4.8 3.7 1.1 b o 0770 8
. 1Lhke 4.8 3.0 1.80].G 0756 22
| ‘ i Bé,clr. B;:;zés.ure Applied
o 0| : 4.8 | 0756 | 22 3.5 | 2.3
30 i 4.8] 9755 232 6:1 | 5.0
55 | - k8 or51 § 21 7.0 | 5.9
- IBack PyéssurefRemoved
0 4.8 1,8 | 6 ¢ 0 0751 27
1Lko 4.8 4.3 0.5 0 | O7kk 3k
Back Pressure|Applied
0 L8| ot | 3 7.0 | 5.9
660 | _ 4.8 0731 k7 8.2 7.1
140 - 4.8 072k 5k 10.5 9.4
1890 4,81 c721 57 1.0 | 9.9
i 2880 L8| o713 65 11.3 | 10.2
3360 L.6] o710 | 68 11.4 110.3
4680 4,8y o106 | T2 11.6 | 10.5
A
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SHELL TEST DATA
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toad _1.0 _ Dry Density _96.6 _  Water Content 39.1

Ua = Appiied Air Pressure Uw = ileasured Pore Water Pressuie
U, = Sofl Suction = U, - U

Flapsédi _ Soil Suction __ |Back | Dial w  |vater| 2
Time g T B T (s
. . a W c | Press] Rdg. Scale [Water
(min. ) "~ {Kg/em®) (6.0001 in) |  (cc)
G L.8 o | o210 o
1 4.8 0 0280 ~10
5 4.8 . .0 0286 | -16
1 4.8 ‘ . 0 0290 | -20
27 L8| 2.8 2.0 1 0. 0295 -25
60 4.8"] 2.2 26 | O 0300 -30
1ko 4,81 1.k5 | 3.351 ¢ | 030k -3k
2ks 4.8 0.90 3.901 0 5306 -36
325 581 o0.22 ] Lisgl o 0306 ~36
k8o k.81 o0.00| %791 0 0307 <37
6co 4,81 0.3k | kok] O 0308 ~38
715 8| 019! Log9| o | 0308 | ~38
835 581 0.19°] L.99} Q 0308 ~-38
Back Prgssure|Applied |
-3 0 5.8 | 0308 -3 | 31| 0
= 5 4.8 | 0365 -35 | 3.8 ] 0.3
% . 10 4.8 | 0302 32 | 357 o.b
e 15 4:8 | 0300 -30 3,6 | 0.5
g 20 4.8 | 903CC -30 3.7 | 9.6
%g, Back Prissure|Removed
& o 5,81 48 | o 0 0300 -30
e 315 4,8 1.85| 72.95] 0 0295 ~25
4, 435 81 1.60| 3.20f ¢ 0295 | =25
. 615 4,81 1.5 3.35] © 0295 ~25
4 695 4,81 1.15] 3.65{ O 0295 -25
P 805 581 1.00] 3.80] O 0295 ~25
e 895 { 4.8] 0.90| 3.90| 0 0295 -25
o 1055 48] o0.90| 3.90| 0 0295 ~25
v, 1975 4,81 0.90] 3.90{ O 0295 -25
v ‘ 120
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| Elapsed | Soil Suction . {Back | Dial
Time [ Yy L Y ] Up | press Rdg. &
) {min.) 4. _(Kg/zm?) | _{0.0001 in)
i : |Back Phessure|Apriied |
_ 0 L8| 9205 | -25
5 L8| 0201 | -21
55 L8| c2B2 I -1z
: 1. Back Pzessure|Removed
o | ue I 18 o 10 0262 ~12
610 | 4.8 2.7 | 2.10f © 0272 ~2°
150 4.8 2.5 | 2,30l o0 0270 0
900. { 4.8 2.4 S 2.k0f © 0269 1
1035 1 4.8 2,25 | 2.55] 0 | 0268 | 2
1260 | k.8 2,10 | 2.70f o 0268 2
1390 | L.8 2,35 2.70f o© 0268 2
, Back Pressure| Applied 7
0. 41,81 0268 2 h.6
. I0 §- : L,8] 0268 2 L.g
150 4.8 0260 0 | 5.6
: Back FPyessurepReézoved
] o4 4.8 | &8 | o o 0266 10
- 595 1 k.8 32,70 | 1.10} © 025k 16
85 | k.8 | -3,50 3 1.30] © 025k | 16
1010, { 4.8 3.5 1 1.35 0 0253 17
ik25 | 4.8 3.k0 140 o0 0253 17
g ' ;- Back Pressurej Applied
0 L8l 0253 | 171
609 5,81 0231 39
960 4,81 0223 iy g
2220 ‘ " 4,81 o212 58
3600 4,81 0206 6k
b
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SHELL TEST DATA

toad _ 1.5 Dry Density _ 96.9 _  Mater Content 19.1
y, = Applied Air Pressure b‘;{ = Measured Poiz Hater Pressure
U, =—szil Suction = U - Uw; - ‘
Elapsed{ . Soil Suction {Back | Dial M Water | A
“Time [ U, 41U T -
- a W ¢ |Press] Rdg. ~ |-Scale |Hater
(min.). {Kg/em®) (0.6601 in) |  (ccj
9 4.8 o 1 0572 0 '
1/k 4.8 0 0560 °} -6
3 4.8 0 0664 -92
1 4.8 o -| 0666 ~9k
z .8 0 0667 L -95
L 4,8 0 0668 | ~96
5 4.8 10 0669 -51
i5 48 1 2.k 2.4 0 0670 ~-98
60 45,81 0.58 | 22| O 0670 ~98
835 5.8 1 0.16 | 496} 0O 0670 | ~98 2
\Back Pressure |Applied )
0 5.8 o670 | -~98 (2.1 | 0.0
10 4.8] 066k ~9 2.4 0.3
25 4.8} 0657 =85 | 2.6 0.5
30 4.8] 0655 | -03 2.7 0.6
35 4.8) 0653 ~-81 2.8 | 0.7
Back Pressure [Removed
c | 48 4.8 0 0 0653 -81
30 { L.8 3.7 1.1 0 0649 ~T7
90 | 4.8 3.02 | 176 O o671 | -T5
oY ko | u.8 2.45 | 2.35] 0 0646 ~Th
250 4.8 1.65 3.15 0 0646 -Th
e 370 { 4.8 1.25 | 3.55( ¢© 0646 ~Th
K 1212 | 4.8 0.5 { 426} O 0645 ~-73
; Back Prpssure |Applied
= 0 4.8 o06us5 -3 |29 | o1
A - 20 4.81 0638 -66 3.3 1.1
;. ks 4.8} 0633 -61 3.5 | 1.3
S 150 .81 o061k ~42 k.6 2.k
ff/ 122
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Elapsed | Sof’ Suction - |fack | Dial tater | 4
Time | T2 Y 1 Y% |press| Rdg. M scate | ager
(min.) (Kg/em?y 1 .(0.6603 in)_ (ce)
" |Back Ffessurd Reumoved -
0 -1 L8 4.8 0 0. 061k ~42
190 .8 k.0 0.87 0 0602 ~30
360 4.8 3.9 0.91 0 G598 -26
ko 4.8 2.9 | 09}o0 0596 | -2k
535 4.8 3.75 1.05 0 0595 -23
1185 | L.8 3.h Lii{o o591 | -~%
-1590 L.8 3.35 1.h5l 0 - 0591 -19
1860 .8 3.35 |. 1.4 0o | 0590 | -18
Back Prpssure Applied
0 L8 0550 ~18 4.8, 2.k
30 4.8} 0587 -15 5.2 { 2.8
Back Pressure |Removea
9 1.8 | k8 ¢ 0 0587 -15
705 4.8 4.0 0.3 0 0583 | -~11
1020 | 4.8 3.70 ] 1.ij © 0582 ~10
1215 4.8 3.70°| 11 0 0582 -10
1500 5.8 3:65 113 0 0582 | ~10
Back Pressure|Applied
0 . 1 L.8 0582 ~10 5.3 2.8
0 4.8 0579 -7 5.8] 3.3
660 4.8 0560 12 841 5.9
960 4.8 0557 15 8.7] 6.2
130 4,81 055k 18 | 8.9| 6.k
2340 4,8 0549 23 9.41 7.0
2gk0 - 4.8 0547 25 9.5 7.0
3150 4.8 0547 25 9.6} 7.1
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e SWELL TEST DATA : -5
z _ : 5%
] Load __ 0.0 Dry Density _ 96.8 Mater Content _26F : .
: - : o . °3
%«- Ua = Applied Air Pressure U’ g = Measured Pore Mater Predsure é
- , = 3 7 = - B
%: \ Uc Soi1 Suction Ua "‘s-: ‘ ‘ 3
: Elapsed 5031 Suction Back | Dial Ay | Mater 4 A ; é
Time | U U1 90 _ , B
a ) v c | Prissj Rdg. Scale (Hater %
= (min.)  (Kg/cm?) ' 10.0001 in) (cc) : g
= 0 1.5 = 0.0 | o1k '
%j 630 1.5 §{ ~0.03 | 1,53 | 0. | OT%0 :
% ' Back Préssureipplied T
. 0 1.5 | ofho o | n1lfo
: 15 1.5 | 0739 1 .3 | 0.2 -
% 60 1.5 | 0739 1 4.5 0.% .
. 120 } 1.5 0737 3 k.6 0.5
%; 160 -~ 1.5 § 0737 3 b7 | 0.6 o
£ Back Pregssure jRemdved :
0 1.5] L5 1 0a |oO 0737 3 ;
5, 125 1,5 Lh1 | 00910 0736 ) -
5 230 1.5 | 0.88 | 0.62] 0 0736 L |
5 350 1.5 | 045 | 1051 0 0728 1z i
4 500 15| 037 | 113 0 0727 13 !
% 590 1.5 | 0.37 | 113} 0 0726 14
o
9 ‘ Back Prkssure |Applied ;
3} 0 1,5 | 0726 4 5.7 | 0.6 3
180 1.5 | o072k 16 5.2 7 1.1
5 435 1.5 | o722 18 5.9 | 1.8 A
9 Back Prgssure |Removed ' [
0 15! 1.5 | 00 | o 0722 18 P
375 .51 122| 0.28]| 0 0713 27 A
= %95 .51 1.3z 0.38] 0 o707 33 , o
s, 615 .51 111 0.39] 0 0707 33 \
- Back Pressure |Applied | L -
‘o 0 1.5 { 0707 33 5.9 | 1.8 ‘ .
1500 1.5 | 0681 59 6.8 | 2.7 o
. 2880 1.5 | o672 8 | 71| 30 . )
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SWELL TEST DATA

load - 0.3 _ Dry Density _ 96,8 _  Mater Content _26%

ﬂa = Applied Air Pressure uw = Heasured Pore Matér Pressure
S ) U, = Soil Suction = U - i,

~

Elapsed| . Soil Suction ,éack Djal Aﬁ IMater | A
Time - | U vt Y ' ; B DU S
Sopa w | “c_ |Pressj Rdg. ~ l'scale |[Water
Gin,) | (Kgfem®) - (0.000) in) (cc)
o ] L% - : 0 0550 /
820 1.5 ) 0,06 | 1.6} 0O -0550
) }_f)ack Pressure lApplied
0 1 . { 25f osbs | 1.0 1 55 |oo
1 - 1.54 0549 | 1,0 5.4 | 0.2
20 1.5} 0549 .0 | %9 1 0.k
175 1.51 0549 0.5 6.2 | 0.1
iBack Pressure ﬁemoired
0 1.5 § 1.5 0 0 ask8 { 1.0
125 1.5 1.35 | 015} © 0548 2,0
260 1.5 t 0.90 | 0.60| © 0548 2.0
L5 1.5 01751 9.72| © 0548 2.0
755 .5 | 058 § 092} 0 05L3 2.0
Back Pressure {Applied
0 © 1,51 05T 3.0 6.3 | 0.8
69 ‘ 1.5 O05h7 3,0 6.5 | 1.0
180 ' ‘ 1 1.5 0547 3.0 6.6 1.1
190 { 1.5 05h7 3.0 6.6 | 1.1
Back Pressure [Remoyved
0 1,5 1.5 0 o | os4k7 | 3.0
215 1.5 1.13 | 0.37] o0 0547 3.0
k2o | 1.5 0.96 { 0.54 7 © 0547 3.0
515 1.5 0.9k 0.56 0 0547 3.0 _
Back Pressure Applied e zerojscale
0 : 1.51 0547 3.0 2.9 | 1.1
195 .51 0547 3.0 3.3 | 1.5
885 1.5| 0536 1k, 0 3.7 | 1.9
1215 , 1.5} 0536 14,0 3.9 | 2.1
1860 1.5{ 0531 19.0 b2 | 2.4
2lik5 ! .51 o528 J 22,0 1 oy i 2.6
125
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SHELL TEST DATA L

b
ioad 0.3 Dry Density _ $6.8 _ Mater Content 26% ;o
. ’ :
Ua = Applied Air Pressure Uw = jieasured Pore MWater Pressure F
i y = i i =l - - 5
‘ Jp Soil Sugtzon Ua U“ E
Elapsed Soil Suction Back | Dial a  |vater 1 2 N
Comme [0 b Uy ) Yo Press| Rag, Scale |Mater %
(min. ) (kg/cn) | (0.0003 5n) {cc).
0 1.5 0 1663 § ] .3
h 1.5 0 1617 =1k 1
15 1.5 0 1679 ~-16 { - i
30 1,5 0.36 |13k | o 4 1679 -16 ' .
b5 | 1.5] 0.30 [ 1.26 ] 9 { 1679 | -6
60 | 1.5 0.27 1 1.23 { © 1679 | -16 - 4
120 1.5( 017 1133} 0 1679 ~16 /
250 1.5 | 0.06 | 1.k | O 1679 -16 ‘ %
130 1.5 0.00° 1.50 | O 1679 -16 °3
525 1.5 0.00 | 1,50 0 1679 ~-16 . «%
Back Pressure {Applied _ Ny
0 .5 1 1679 -16 | L6 0 L
0 1.5 1679 -16 L7 0.1 Ea
0 1.5 1679 -16 k.8 7 0.2 e

1 1.5 1679 ~16 5.0 0.4 L
2 1.5 1 16719 -16 | 5.1 0.5 P
:; ) 8 115 !-679 ‘-16 1 502 ] 0-9 i Q
14 1.5 1679 ~16 | 5.8 1.0 e
< Back Pressure|Removed ’ ; QZ'
\ o 1 15{ 1.37{0 "0 1679 ~16 Py
= 16 1.5) 1.37(0.23 | o | 21679 | -16 L
¥ . 50 1,51 1.28] 0.22 | © 1679 ~16 L
N 150 1.5] 1.13] 037 | © 1679 -16 s
b 1o 1.5] 0.69 0.81 { 0 1679 ~15 o
’)Z {Back Pessure Applied k . ?
<, 0 1.5] 1679 | -16 |56 | 1.0 S
% 3 1.5 1679 ~16 5.7 1.1 [
o 1 1.5 1679 16 | 5.7 1.1 b
2 1.5 % 1679 | -16 | 5.85 | 1.25 (-3
Te A i I
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e Elapsed] . S0id Suction __ |ack | Diad Hater | 4

xe
Q‘-

Time | U y - ¢ ;
-8 4 ¥ .| "¢ Press| Rdg. M Scale { Vater

min) L fkggew?) (0.000% in)__ (cc) .

PR

2 | Back Priessure | Removed

0 F 151 1.5 Jg 16 -
0 4151 L3 [oag iE}’S ‘ ._3;-5 :
30 1 25| 127 |0.23 | 1678 | 15
65 | 2.5 1 1.2k |9.26 1677 | -2k
120 | 1.5 1.21 1020 | 1676 | 13
355 .15 1 1.30 | o.do 67 | -1
430 3 1.5 1 Log 0.0 - 167k ~11
650 § 1.5 4 21.02 | 0.k8 1673 | -0
1310 o) 1.5 4§ 0.93 | 0.57 - 673 | -0

i?aclc P;essur:_e‘; Applied Re zerd scale

ol . ,: .51 161371 -10

- 1.
1;15) : ; ! f 151 167134 -0 1..2

16 ’ | l~5 ,1672 ‘ -9

. 00 1 ; 1.5 1670 | -7
35 ; ‘ { 1.5 1667 { -k
-1

-1

3

3

3

3

I

5

.

cOo00DOoCOOO

oo

b

&

(‘\9\0\
B EU W DO o Ea 1Y
<3

o

1.8
L3
2.0
2.0
2.2
2.2
2.3

>

680 : ; : 1.5 1664
} Tho { : 1 1.5 1664
1355 f | | { 5| 1660
k75 i 1.5 1660
1695 | | - ; 1.5 1 2660
1815 : v 5 16606

»

PN,

5 : ‘ 2.3
a1ko g 1 1.5 1659 2
2820 i 1.5 1658 dol“
; : ‘ ‘ =
; | : |
E E R
i f ‘
: | ‘
; ! !
! i
; j :
| ‘1 ¥
:: “ ‘: :1
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SHELL TEST BATA

load 0.5 Dry Density _96.8 _  Water Content 265
‘Ua = Applied Air Pressure Uw = leasured Pore later Pressure
dc =»Soi"l Sui;t'.on = Ua :‘Uw o |
Elapsed]._ _ Soil Suction Back | Dial | . {Hater | A
Tie 0. ] U ] U : A
A a R I Press| Rdg. | Scale [Hater
{min.) (Kg/em?} I (0.0001 in) © {ee)
ol 15 0o | 80 .- o I
0 1.5 0 Q720 k0
5 1.5 0 0728 -3
10 1.5 o 0735 -55
s 1.5 ¢ Y o735 =55
20 1.5 0 0737 =57
20 1.5 ' 9 o7k ) v q
35 1.5 | o0.%5 | 1,05} O I ofho =60
75 | 1.57 o0.34 | 1.16 0 ¢ 0738 -~58
640 1.5 | o.0k RT3 Y 0750 -70
Back Pryssure |Anplied : f
0 1.5} o150 2.90) o
15 | 1.5¢ ota8 | -68 3.50| 0.5
25 1.5¢ o7 =67 3.50 0.6
30 . 1.5 ofkT 3.587 0.6
Back Prpssure jRexmdved J
P 0 1.5 1.5 | o 0 | otv1 | 6T
R ) 65 1.5 ¢+ 1.32 ; 0.13] O o745 -65 |
ae ’ 370 1.5 0.89 0.61 0 oThh - -6 -
8 470 i.5]| 080} o0.70] O o743 -63
o4 680 1.5 c.69 | 0.8 o0 o743 -63
S 850 1.5 0.64 | 0.86 0 o743 -63
e ,
5‘;} Baex Pikssure [Applied
;?’;‘ 0 1.54 o7h3 -63 3.5 0.6
8,0 20 1.5¢1 oth2 -62 3.9 ¥ 1.0
Lo .
o
5
;o
>4 ’ 128
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Elapsed: Soil Suctien: Back | Dial later| A
Tize U 1 % | Y% lpress| pag. ML Scale j Yater
- {nin.) . (Kalc?) . (0.0201 in}) {cc)
) Bacx PressurelRemcied |
‘90 | 1.5 15 oo ) o | oqu2 ~62 p
530 1.5 $.9% | 0.56; 3 5740 45 g
750 1.5 9.90 | 0.60] 0 § 079 —£0 i
g5 [ 1.5 0.83 1 0.62f 0 | of0 =£0 £ ,
950 i35 0.8% I 0.66] ©O o740 -£0 ?
icuo .5 | o0.83] 0.67f o o7%0 -=£0 )
- =
Beck Phessure]frplied ;
- ] = ", ‘ i;
0 : 1.5 § o740 ~£0 3.9 | 1,9 ‘
>0 1.5} 0735 -58 ez | 1.3 :
230 .5 }.0738 -58 ks | 1.5 :
Beck Pressure|Re=oved | 7 ) :
o | s .51 o o | o137 57 ' 3
215 is 1,34 6.16; 0 o737 =57 §
- 825 1.5 1.28 1 o0.25] o | 0736 -5% ;
1060 1.5 138§ 0.22) 0. {0735 -53 4
k30 | 1.5 122 ) 0.381 o 0735 =55 ) :
2 i iBack Pzessﬁre Lﬁ.‘gplied Te zerd scale
g o 1.5 | 0736 -5k LT | 1.6 :
= 360 - 1.5 | 6732 =52 | 5.0 | 1.9 .
2 - 1085 1.5 | 0123 -y 5.3 | 2.2 °
e 2140 1.5 | 0729 -9 | 5.3 | 2.2 ¥
= 1200 1.5 | 0728 -kg 5.3 | 2.2 t
z° 1560 1510128 | -ko sk f 2.3 ;
._E_.:.: 2?60 li 5 0728 - ;&8( Sc h 2. 3 =
N
o 1
2 e ]
o
,,':‘;}’««1“ -
cee
5 f
e i °
o ?
.: i - é
Q| . |
K *
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4ELL TEST DATA
1oad 1.0 . Dry Density 96.8. '_ Water Conient 26'.9 )
U, = Applied Air Pressure UW._= keasured Pore Hater Pressure X
\ AUé_~=_$oﬂ Suction=1U, - U ,
Elapsed| . 501l Suctiei  |Back| Dial ay  |Mater | 8 :
Tme "V - u 1 v 1 L4 N : -
3 W ¢ |Pressy Rdg. |  |Scale |Haler :
(min) | . (kg/e®) = {08001 in) | fcc)
o | 15 ' o | int T
2 1.5 0 '} zd00 { " -83 g
s | 15, .o, | 182 | -8 g
10 i.5 . 0 | 1805 -85 »
20 1.5 e 3] 1808 | -91 - i
30 1.5 | 0.5 | 1.0 0. 1810 -93 :
80 i.5 ] 6.52 [ 0.98 | o .| 1815 ~98 /
750 1.3 71 0.5 1,0 0 1825 -108 - ¥
- : BackAPrc?séure Applied | 5’:
0 i i.5| 1825 | -108 6.1 } o ,
5 B | 1.5) 185 | -108 6.3 | 0.2
35 1.5] 1826 ~109 6,3 | 0.2 - i
b3 1.5 1825 .| -108 6.3 { 0.2
130 ) 1.5§ 1824 ~107 6.4 0.3
= Back Préssure Removed
2 130 1.5 1.5 | 0 0 1824 | -107
= 255 1.5 1.0s | 086 ] O 182% | -107 >
%= 325 | 2.5 097 | 053] 0 -182% | -107
5 180 1.5 | 0.90 | 0.60 | O 182%.3] -107 %
= 660 1.5] 080 | e.70] o 1826 | -109 y
Se 720 .54 6781 0.712| © 1826 -109 .
% 790 1.5 0.76 { 0.7k | © 1826 | -109 .
b 1450 1.5 | 0.66 | 0.85} © 1827 -110 ‘
;é Back Pressuré [Applied |
- 0 1.5| 18271 -110 J 6.5 | 0.3 ‘
55 1.5] 1826 -109 6.6 | 0.4 ) ;
% 105 1.5 1826 -109 6.7 | 6.5 ;
;(Z 165 1.5] 1826 ~209 6.8 | 0.6 p
N/ 305 1.5] 1824 | -107 | 6.85] 0.65 ’;
. 365 1.5{ 1823.5¢ =~107 | 6.90( 0.7 - 3
. 425 - 1.5 1823.5| =-107 | 6.90| 0.8 ;
s 1k20 1.5| -1221.0f ~-10k 7.25 | 1.05
",;f
4:5 130
0:90 .
B ; B
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—aa

1195
16ks.
1885
2365
2935
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